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TAR eae ean 
p =PeD \") GD 6 MICROWAVE 
TEST EQUIPMENT 


Low Voltage Power Unit Type Il 


A source of highly-stabilised potentials for the operation of low voltage klystrons. 


RESONATOR SUPPLY: 

250-500V. 40mA max. Variation in output 
for + 10V mains variation or change from 
minimum to maximum loading: 100mV 
max. 

Ripple: 10mV. p-p. max. 


Modulator Unit Type Il 


REFLECTOR SUPPLY: 

0-400V. 10uUA. max. 

Variation in output for +10V mains 
variation: 50mV. max. 

Ripple: lmV. p-p. max. 

HEATER SUPPLY: 4-6.3V. 6.4W. 


Designed primarily for use with the Low Voltage Power Unit Type 1, but suitable for 
use with other stabilised power units, this modulator unit provides square-wave or 
sawtooth outputs and a synchronising pulse for an oscilloscope. The square-wave 
output may be controlled from the internal oscillator or externally. 


OUTPUTS: 

(a) Square-wave 1:1 mark/space ratio: 
0-150V. 

(b) Sawtooth: 0-150V peak. 

Frequency : 900 c/s—1,500 c/s. 

Output load: 10K. 


Selective Amplifier Type Il 


A sensitive, low-noise, audio-frequency amplifier which may be used as a broad-band or 
highly-sensitive amplifier with variable gain over the range 300 c/s to 6 Ke/s. In con- 
junction with a detecting device, it may be used for the comparison and measurement 
of energy sources modulated at a frequency within its band. It is particularly suited for 
the study of standing-wave patterns and polar diagrams in X and S band equipment. 
The output is indicated on a built-in meter but may also be displayed on a cathode-ray 


tube or on an external meter. 


FREQUENCY RANGE: 
300 c/s—6 Ke/s. 
SELECTIVITY: 
(a) Selective condition: —10dB output 
at 10% off-tune 
(b) Wide-band condition: —6dB at 6 Kc/s 
relative to 300 c/s. Cut-off below 300 c/s 


E.M.1I. 


SENSITIVITY: 

(a) Selective condition: 2uV input for 
f.s.d. on meter 

(b) Wide-band condition: 4uvV input for 
f.s.d. on meter 

NOISE: 

Less than 5% of f.s.d. on meter. 


ELECTRONICS LTD 


Instrument Division (Dept. 84E), Hayes, Middlesex. Tel: SOUthall 2468, Ext. 224 &1071 
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One of the E.M.1. Television 

Microwave Relay Links in operation in the 
Swiss Alps forms part 

of the Eurovision Network, 


ne ea ee 


KE LE VZisSsroni 
Relay Equipment 


E.M.I. High Power (3 watt Klystron) Television Microwave Links 
relay vision and sound signals over distances up to 40 miles. Trans- 
mission and reception require separate equipments—which are — 
portable and can either be permanently installed or quickly fitted 


for special transmission. 


E.M.I.. . . PIONEERS OF THE WORLD’S FIRST PUBLIC HIGH DEFINITION 
TELEVISION SERVICE IN 1936... (10 YEARS AHEAD OF AMERICA) © 
. . E.M.I, PATENTED TELEVISION INVENTIONS ARE EXTENSIVELY 
USED UNDER LICENCE. 


OTHER E.M.!. DEVELOPMENTS FOR TELEVISION TRANSMISSION 


Studio Mixing and Programme Equipments, Camera and Film Channels, 
including COLOUR FILM, Flying Spot and Photo-Conductive Scanners. 


Also Industrial Television. 7 


For particulars of the above-mentioned 


equipments write to :- 


E.M.!. ELECTRONICS LTD., TELEVISION DIVISION, HAYES, MIDDLESEX 
Telephone: SOUthall 2468 Ext 316 


ai 


“GRATICULE — 


High performance... wide applications... truly portable 


In the Solarscope CD 614 we have included BRIEF SPECIFICATION 
NOMINAL BANDWIDTH 


all the valuable features of heavier and | c/s —9 Mc/s + | Mc/s for 3 db down 
more expensive oscilloscopes, while SENSITIVITY CALIBRATION 
: : By a 50 c.p.s. square wave 
producing a truly portable instrument at EXPANSION 


« . : . - rl 10 diameters nominal 
an economical price. It is particularly CHa 


suited for radio communication, radar, By 0:1 uS, IuS, and 10 pS markers 4 
TV and applications involving pulse TIME fons te p00 eee 
work and transient investigations. Trigger from TY frame block 


THE SOLARTRON ELECTRONIC GROUP LTD. 


MES DITTON CABLES: SOLARTRON, THAMES 


DITTON 
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RECEIVE 


MATCHIN( 
TRANSFORM 


CHANNE 


DISTRIBUTI 


THE GENERAL ELECTRIC COMPAN 
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{AG VHF RADIO 


UNCTION RADIO EQUIPMENT 


event that illustrates the versatility of G.E.C. the temporary installation of two G.E.C. 5-circuit 
cuit junction-radio equipment occurred during VHF radio links to bridge gaps of about twelve and 
early months of 1956. A severe sleet storm in ten miles. Although there was not time to carry out 
fhern New Brunswick caused havoc to open- the usual propagation tests, and the equipment had 
telephone lines. The emergency measures under- to be installed in such places as a school, a house, a 
1 by the New Brunswick Telephone Company to hospital and a store, highly successful operation was 
re communication as soon as possible included maintained during the emergency. 


G.E.C. 5-CIRCUIT JUNCTION 


RADIO EQUIPMENT 


\ 
for permanent or temporary operation 


The equipment provides up to five circuits by 
frequency-division-multiplex operation over 
the frequency-modulated VHF radio link, 
7 and has the advantage of a narrow occupancy 
\ in the congested VHF band. All equipment 
Win {| panels are of the slide-in type, easily 
i \ accessible for maintenance, and can be 
i packed separately and assembled on site, so 
"making transport to difficult sites easy. 
i Whether the job is a new oil refinery, a 
massive dam, an airfield, or some other 
mass project, the engineer must know what’s 
ning on site when it happens. Efficient movement of materials 
ersonnel, and logistical operations become impossible without 
communications. Especially -when ‘the terrain is difficult, 
45-circuit junction-radio equipment provides the answer. The 
{range is about 50 miles, but this can be extended by radio relays. 


Small —- Inexpensive — Available for quick delivery 


r further information write for Standard Specification SPOS050 


r G.E.C. Transmission Equipment includes : 


gle-circuit, 3, and 12-circuit equipment for operation over open- 
nes. y 12-60-circuit equipment for operation over non-loaded 
cables. 4 Coaxial-line equipment for television and telephony. 
line carrier equipment. 4 Coaxial-cable terminal equipment 
vision (405, 525, and 625-line system) and telephony (960 circuits). 
de-band UHF trunk radio systems for television and telephony 
20 circuits. 


Everything for Telecommunications by open-wire line, cable and radio, single and multi- 


circuit and T.V. link, short, medium and long haul. Automatic and manual exchanges. 


LIMITED OF ENGLAND TELEPHONE, RADIO & TELEVISION WORKS, COVENTRY 
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output 


One of the most recent additions to the Mullard range of junction transistors 
is the OC72. Two of these transistors in class ““B”’ push-pull will provide an 
audio output of 250 milliwatts with an H.T. supply of only 4.5 to 6 volts. The 
current gain of the OC72 is largely independent of collector current, so 
ensuring a high degree of linearity at the large peak current found in class 
““B” operation. 

A heat sink can be used with the OC72 for those instances where it 
may be preferred to obtain an increased output at the expense of a slight 
increase in size. 

In addition to its use in linear transistor amplifiers, the OC72— with its 
peak current of + amp—can be employed in computing circuits, to close 
relays, to deliver power to small mechanisms and in many other applications 
where the requirements are small size, low H.T. voltage and large current 
pulses. 

The current amplification frequency cut-off of the OC72 is not less than 
350kc/s. Operated as a “‘flip-flop”’ and in the bottomed condition with an 
H.T. of 12 volts it will deliver in the “‘on”’ condition at least 1.2 watts. 

Seven pages of data and curves on the OC72 and full information on 
other Mullard transistors are readily available upon request. 


ABRIDGED DATA 


DETACHABLE CLIP 


Max. collector voltage* a asi a ... 32V peak 16V dic. 
Max. collector current . ae Bee ... 250mA peak 125mA average 
Max. power dissipation at 45°C: 
Without heat sink sc ae See son ead | 
With heat sink... ae bee a ... [00mW 
Min. cut-off frequency See Mullard valves and tubes on o— +} | 
(in grounded base condition at 6V,l. = 10mA) ...  350ke/s eae No. i x pe eee 
*In grounded base or in grounded emitter with a base emitter resist ectronics VEO TAO iy 
of less than 1,0000. & erence bition Olympia—7th to 17th May OF | 
|| 
CHARACTERISTICS OF MATCHED PAIRS : j f iy 


(Two transistors in class “B” push-pull:grounded emitter) 


Output (without heat sink)... at bet te 5 Er 275mW 

H.T. voltage soe 500 ti S06 os Be abe 6V 

Quiescent H.T. consumption woe pete ee oe ise 3mA 

Load impedance (collector to collector) ie aa etn Re 140Q Ns 

Full drive collector current (peak) ... see He Me 125mA ee 

Full drive collector current (average) oe te So dba 40mA eed COMMUNICATIONS AND 
Total harmonic distortion (full drive) bes Bite BOE abe bs | INDUSTRIAL VALVE DEPARTMENT 
Total harmonic distortion (SOmW output) ... ae Bon ok D5 


MULLARD LIMITED ¢ MULLARD HOUSE + TORRINGTON PLACE «¢ LONDON - W.C.1 
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From on the map to on the air 


through Marconi’s experienced hands ale 


e\o rae 


Broadcasting and television authorities all over the world look to 
Marconi’s for much more than the supply of equipment. The 
company has been called on for every aspect of the provision of 
a broadcasting service, from the survey of propagation problems 
in the area to be served, through the complete building of the 
transmitter stations and the installation of the programme input 
equipment, to the erection of the aerials, maintenance, and the 
training of technical staff. No other company in the world tackles 
such matters with the experience, research facilities, skill and 
resourcefulness of Marconi’s. 


Seventy-five per cent of the world’s broadcasting authorities rely on Marconi equipment. 
Marconi equipment is installed at all B.B.C. and I.T.A. television stations. 


Lifeline of Communication 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ae we 
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ae es, 


form a major part of world-wide radio telegraph communication services. 


Marconi’s have recently designed new equipment for such systems incorporating 
the latest electronic developments to save time and labour, reduce operating | 
costs and eliminate faults. The company is unique in the resourcefulness and 


skill it can bring to the complete engineering of a system from the surveying 
stage onwards to the maintenance after it has been installed, and the training of 
the staff to operate it at maximum efficiency. 
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COMPLETE COMMUNICATION 
SYSTEMS — all the world over 


MARCONPS & A.T.E. Co-operation between Marconi’s and Automatic Telephone and 
Electric Co. Ltd., now brings together an unrivalled wealth of knowledge and experience for 
the benefit of all whose work lies in the field of telecommunications. 


The Lifeline of Communication is in experienced hands 


MARCONI 


Complete Communication Systems 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX 


LcIs 
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—— 


through Marconi’s experienced hands | 


Every item of equipment which transforms a sound or television pro- 
gramme from a conception in the author’s and producer’s minds to 
what is ultimately audible and visible on the monitor can be provided 
by Marconi’s. Whether it be for a studio or O.B. vehicle, Marconi’s 
not only make it, they will install it (including constructing the building 
or vehicle to house it), maintain it, operate it (or train operators in its 
use) and completely co-ordinate it with the whole system of which it 
forms a part. 


75% of the world’s broadcasting authorities rely on Marconi equipment. 
Marconi Television equipment is installed at all B.B.C. and1.T.A. Television Stations. 


Lifeline of Communication 


MARCONI 


Complete Sound and Television Broadcasting Systems 


; Yid 
thy Hii 
Ei 
MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX 
LBS 
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«¢,.,and bake for another 14 hours 
in a hot oven.” 


Actually, this batch of Massicore Transformers has been in and out of the oven at several stages 
during construction. Meticulous attention to impregnation is an important factor in the produc- 
tion of transformers which our customers know will give unfailing and faultless service for 
many, many years. 

Perhaps even more important to a potential customer is the fact that, in the first place, we are 
transformer ‘boffins’, never more pleased than when we have successfully solved a problem that 
has hindered the further development of some new project in electronic engineering. If you have 
such a poser, or a need for rather special transformers, we hope you will contact us. 


Ce I ‘ Corner for Contented Customers 


SAVAaS E S “I was impressed by the rugged 


construction of your transformers 
and their reliability, compared 
with other makes the Company 
was using at that time”’. 


SAVAGE TRANSFORMERS LID B. LONDON, W.12. 


* If all such letters we have received 
were individually framed, our works 
would resemble an Art Gallery ! 


NURSTEED ROAD - DEVIZES - WILTSHIRE - Tel: Devizes 932 ae 
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Shown by courtesy of K.L.G. 
SPARKING PLUGS LTD.., 
for whom all the above compo- 
nents were made. 


T IS no accident that well-known progressive 

| concerns, year after year, turn to us for bulk 

supplies —running into millions of components — of high 

quality, reasonably priced, Plastic mouldings — delivered on, 
or before, time. 


You, too, will do the same when you know us. 


“METROPOLITAN PLASTICS LTD 


GLENVILLE GROVE - DEPTFORD - LONDON SE8 Phone TiDeway 1172-3 
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STROW GER | aid the pattern of world 


telecommuntications 


It is not difficult to prophesy the trends of development in 
telecommunications during the next 25 years.:Side by side with 
local telephone service to even the most isolated subscribers 
will be long distance calls set up entirely by automatic means 
from city to city, from country to country. Administrations 
should consider whether their present equipment is capable 
of adaptation to future needs, otherwise replacement will 

be inevitable. Strowger equipment has proved its 

flexibility and its adaptability to changing circumstances. 
These qualities have demonstrated their worth in the 50 years’ 
active history of the system to date—and they are the 

qualities which will be maintained in the future. 


Secor WSS 


Strowger—designed and built for continuous service 


AUTOMATIC TELEPHONE & ELECTRIC CO. LTD.; LONDON AND LIVERPOOL 
AT 7021-A 
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Neo engineer 
can regler 


thea NEV 


Of WHT TEYULOrE .« « 


CCGUCE. ° 


RATINGS % Type BTA are fully insulated 


I watt at 70°C. 
500 V.D.C. Max. 


* Type BTA are much smaller 
* Type BTA are available in Autopacks 
* 


Type BTA are manufactured with new production 
methods using new basic materials providing greater 
stability. 


Range... . 270Q—22MQ 
Tolerances +5%, +10%, +20% 


Dimensions 3%” x }” diameter 


+ Type BTA have special solder coated wire terminations 
for printed circuit applications. 


, DUE Ua ER 


DUBILIER AUTOPACKS — 


designed primarily for loading hoppers for automatic feed systems, DUBILI ER CONDENSER co. (1925) LTD., 
also solve the spiky problem of resistor storage. BTA Resistors are DUCON WORKS, VICTORIA RD. ; NORTH ACTON ; LONDON, W.3 


packed in boxes of 200 and 1000—all lined up with connecting wires Teleph : ACOrn 2241 
dead straight, ready for immediate use—and taking up very little elephone: r rn 
space in the process. Telegrams: Hivoltcon, Wesphone, London. 


DN 171 
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Photographs of ‘ Eclipse’ magnets are reproduced by 
courtesy of the manufacturers, James Neill & Come= 
pany (Sheffield) Limited. 


The remarkable efficiency of these ‘Eclipse’ magnets is due to their composite construction, using ‘Araldite’ to 


bond the component parts. The manufacturers of these magnets state that they use ‘Araldite’ because it enables them 
to produce shapes and sizes otherwise impracticable, to ensure that the magnets cannot be taken apart and to avoid 
bolted assemblies. ‘Araldite’ provides a bond which is truly permanent, and its strength is proved by the fact that 


facing and boring operations and also grinding are carried out after bonding. 


‘Araldite’ epoxy resins have a remarkable range of characteristics and uses. 


They are used:— * for producing glass fibre laminates. 
* for bonding metals, porcelain, glass etc. * for producing patterns, models, jigs and tools. 
* for casting high grade solid insulation. * as fillers for sheet metal work. 
* for impregnating, potting or sealing * as protective coatings for metal, wood and 
electrical windings and components. ceramic surfaces. 


‘Araldite’ Qijxsemerais 


‘Araldite’ is a registered trade name 


Ae ro Research Li Mm ited A Ciba Company + Duxford + Cambridge + Telephone: Sawston 2121 


AP.264-190 
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PHOTO-ELECTRIC CELLS 


Cinema-Television Limited have been designing and 
manufacturing photo-electric cells for over a quarter 
of a century as a result of which they can now 


offer a service and ‘know-how’ second to none. 


With over 80 different types of photo-cell in the 
current manufactured range there is a type suitable 


for practically every n application and an 


» equivalent for alm 
the world. 


cell manufactured in 


articular 
ial cells where 


on request. 


A COMPANY WITHIN THE RANK 


ORGANISATION LIMITED 


WORSLEY BRIDGE ROAD + LONDON =. S.E.26 
HITHER GREEN 4600 


wa 
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(illustrations 
actual size) 


@ High efficiency @® Small Size 


@ High temperature operation @ Hermeticaliy sealed 


Write for Technical Data Sheet F/SIL 101 


Standard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London, W.C.2 
RECTIFIER DIVISION: EDINBURGH WAY - HARLOW .- ESSEX 
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MILLIAMPERES 


ENGLANO 


AMPERES 
3 4 


AMPERES 


Peanawtl 


MOVING COIL 
THERMAL 


Ferranti Panel Instruments are supplied in a wide variety of types and 
sizes. Moving coil, rectifier, moving iron, thermal and electrostatic. 
2", 23", 34° and 33” dial. Round, square and rectangular. Catalogues 
supplied on request. 


There are large stocks of standard models of 23” round or square flush 
instruments. Please write for a stock list. 


FERRANTI LTD - MOSTON - MANCHESTER 10 
London Office: KERN, HOUSE = 36 KINGSWAY =) Woee 


F1 164 
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Rapid, Reliable 
Interconnection for 
every specialised purpose 


Four important ranges of 


plugs and sockets 


MARK 4 Mark 4 plugs and sockets enable 
multiple connections of great complexity to 
be made rapidly and without fear of error. 
They simplify the prefabrication of complete 
wiring systems in the factory with a 
consequent saving in production time. 
Rapid disconnection for servicing of 
units, high electrical and mechanical 
efficiency and the absolute flexibility of the 
system are other outstanding advantages. 
For full details, request Publication No. 863. 


MULTIWAY This standardised range 
provides a rapid and foolproof 
method of interconnection for multi- 
line circuits up to 80 ways. It permits 
a unit method of construction which 
is superior in operation and 
eminently suited for application 
within the electronics and _ light 
electrical industries. For full details, 
request Publication No. 741/2. 


S.H.F. This is a range of highly 
efficient interchangeable connectors 
for the termination of Uniradio 
Cable operating equipment in the 
Super High Frequency bands. These 
units are standardised so that no 
confusion can arise when making 
connections between various S.H.F. 
devices. For full details, request 
Publication No. 672/3. 


E.H.T. Extra High Tension connectors by 
Plessey have high insulation properties and 
are suitable for high voltages. Two types 
are available; Demountable (7kV. peak) 
and Moulded (10kV. peak). Both are inter- 
changeable and units of each are obtainable 
for free cable, bulkhead or panel instal- 
lations. For full details, request Publica- 
tion No. 506/1. 


Design Engineers and equipment manufacturers are invited to request 


AIRCRAFT & AUTOMOTIVE GROUP Plessey Publications for the particular ranges which interest them. 


WIRING & CONNECTOR DIVISION 
THE PLESSEY COMPANY LIMITED - KEMBREY STREET »* SWINDON WILTS 


@ PB7a 
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TELEVISION CAMERA TUBES 


IMAGE ORTHICONS 


E.E.V. type American 
equivalent 
P.807 — 
P.810 6198 : 
P.811 = 
P.813 6326 
P.816 5820 
P.817 6474 


E.E.V. Image Orthicons are used by the majority 
of television broadcasting countries in the world. 
The exclusive British types give improved defini- 
tion of black/white edges, less background noise 
and improved rendition of grey tones. 
E.E.V. Vidicons are equivalent to and inter- 
changeable with American types and are 
extensively used for industrial 
applications and television 
film scanning. 


E.E.V. type American Application 
equivalent 
P.810 6198 Industrial use 
P.813 6326 Film pick-up 


Full technical data on application 


"ENGLISH ELECTRIC’ 


— } i Chelmsford, England 
ENGLISH ELECTRIC VALVE 00. LTD. Hieron int. 


AP 300/57 
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| Cassor Kits 


In laying down their programme for the design and production 
of a range of apparatus in Kit Form, Cossor Instruments Limited 
have chosen as their “ opening pair” two most valuable items of 
test gear; a VALVE VOLTMETER and a single-beam cathode-ray 
OSCILLOSCOPE. 
PRINTED CIRCUITS are utilised for built-in stability and 
reliability for both of these instruments. Bearing in mind the 
highly satisfactory specification cost ratio of these instruments 
and being aware of the instructional value in building them, 
the Laboratory or Service Department Engineer will certainly 
place them high on his list of essential purchases. 


Model 1044K Valve Voltmeter Kit 
Brief Specification 
D.C. Voltmeter 7 ranges: I.5V-1,500V Full Scale 


A.C. Voltmeter 7 r.ms. ranges: 1.5V-1,500V Full Scale 
7 peak-to-peak ranges : 4V-4,000V Full Scale 


Ohmmeter 7 ranges: Allowing resistance measurement from 
0.1 ohm-1,000 megohms. 


Dimensions 


Height 94 in. (24 cm.) Depth 43 in. (12 cm.) 
Width 5 in. (12.7 cm.) Weight 44 Ib. (2 kg.) 


LIST PRICE £20 
HIRE PURCHASE TERMS AVAILABLE 


Please write for fully descriptive leaflets 


COSSOR tsrruments Limirep 


The Instrument Company of the Cossor Group 


COSSOR HOUSE -.~ HIGHBURY GROVE - LONDON N.5 
‘c ephone: CANonbury 1234 (33 lines). Telegrams : Cossor, Norphone, London. Cables : Cossor, London 


1.E.E. PROCEEDINGS, PART B—ADVERTISEMENTS 


( xxii ) 


1. PRECISION FREQUENCY MEASURING EQUIP- 
MENT Type TME 2: | kc/s to 30 Me/s. 
Accuracy, | part in 10°. 

2. EHF SIGNAL GENERATOR ASSEMBLY Type 
OA 1000: 34,100 to 35,700 Mc/s. 


3. RF TEST SET Type TF 890A/I: 8,500 to 
9,680 Mc/s. 


4. UHF and SHF SIGNAL GENERATOR Type 
TF 1058: 1,700 to 4,000 Mc/s. 


MARCONI 
designed to meet your needs 


For Reliability, Accuracy, Versatility & Ingenuity 


INSTRUMENTS 


5. AM SIGNAL GENERATOR Type TF 801B: 10 
to 500 Mc/s. 


6. FM and AM SIGNAL GENERATOR TF 1066/1 : 
10 to 470 Mc/s. 


7. UNIVERSAL BRIDGE Type TF 868/1 : Induct- 
ance and Capacitance at I kc/s and 10 ke/s. 
Resistance at DC. 


8. WAVEMETER Type TF 1034: 32,000 to 
35,500 Mc/s. 


Marconi Instruments have long set a standard of reliability 
and accuracy in the design and manufacture of precision 
electronic equipment. At all stages of manufacture, and 
especially in the final testing, the greatest attention is paid to 
detail. Eight well-known instruments from our range 
of test equipment are shown above but about 

thirty of our latest designs may be inspected 

at the Instruments, Electronics and 

Automation Exhibition. 


Instruments, Electronics and Automation Exhibition 


VISIT OUR STAND No. 


504, GRAND HALL, GROUND FLOOR bei bs 


Olympia, May 7 - 17 


MARCONI INSTRUMENTSLTD. .- 


ST. ALBANS .- 
London: Marconi House, Strand, London, W.C.2. 


HERTFORDSHIRE - TELEPHONE: ST. ALBANS 56161 


Tel; COVent Garden 1234 
TC 96R 


/ *% Cost Savings 


Fewer insertions 

Simplified insertion equipment 
Fewer items purchased 
Fewer chassis holes 

Smaller chassis 

Reduced inspection 

Simplified chassis wiring 
Simplified Circuit Design 
Design engineers can determine 
optimum parameters by _ inserting 
components in an unfinished board, 
which we will supply, and return it 
to us for PAC fabrication. 


vy 


Easy Circuit Changes 


Component value changes required 
after a given PAC unit has gone into 
production can be effected by the 
simple expedient of substituting a 
component of the required value. 
Circuit changes can also be effected 
at extremely modest charges. 


* Diversity 


Resistance values range from 10 ohms 

to !0 megohms, and capacitance 
values from 12 pF to 5,000 pF. 
Parallel and series combinations are 
readily obtained. 


Close Tolerances 


Carbon composition resistors can be 
supplied to + 5%, high stability 
resistors to + 1%, and temperature 
compensating capacitors to + 1%, 
or + 0.25 pF, whichever is the 
greater. 

Isolated Components 
Individual components are isolated on 
a low permittivity base, thus en- 
suring low uniform strays, and 
reducing shunt capacitance to an 
absolute minimum. 

Ruggedness 

Reduced breakages. No _ pulled-off 
terminals. 

Reduced Chassis Area 


Fifteen components can be accom- 
modated| per square inch by 
mounting PAC in the vertical plane. 


The ERIE packaged assembly circuit PAC simplifies 
mechanisation for the electronic industry by grouping 
resistors and capacitors into a modular unit, or package, 
for quick and easy insertion. 


Packaging a group of components saves space and 
labour, and this is the real key to lower prices for radio, 
television,” computers, and the wide field of similar 
equipment. 


The components used in PAC are standard time 
proven resistor and capacitor elements, ?” long by }’ 
diameter, and as many as 15 individual components 
can be accommodated per square inch by mounting in 
the vertical plane. — 


By far the majority of resistors and capacitors for a 
television receiver can be provided in just a few PAC 
units, with a considerable reduction in cost, irrespective 
of whether the units are inserted in the board by hand, 
or by some simple mechanical equipment. 


* 


Kestslor Lt 


%& Registered Trade Mark 


Carlisle Road, The Hyde, London, N.W.9., England. Telephone: COLindale 8011. * Factories: London 
and Great Yarmouth, England; Trenton, Ontario, Canada; Erie, Pa., and Holly Springs, Miss., U.S.A. 
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<Qj> BRIDGE DETECTORS 


> 


BRIDGE OSCILLATOR 
AND DETECTOR 


TYPE 703 


OSCILLATOR FREQUENCY 
1000 c/s 


OSCILLATOR OUTPUT: 
100 milliwatts 


OUTPUT IMPEDANCE: 
High 3000 ohms. Low 100 ohms 


AMPLIFIER SENSITIVITY: 
Low impedance: 40 microvolts for 
10% f.s.d. High impedance 200 
microvolts for 10% f.s.d. 


INPUT IMPEDANCE: 
High 600 ohms. Low 50 ohms 


INDICATION: 
Both meter and phones. 


Full details of these instruments, which are available for IMMEDIATE DELIVERY, will be forwarded gladly upon request. 


AIRMEC 


HIGH WYCOMBE BUCKINGHAMSHIRE ENGLANI 
Telephone: High Wycombe 2060 


BRIDGE HETERODYNI| 
DETECTOR 


TYPE 775 


@ FREQUENCY RANGE: 
6.5 to 751 kc/s q 


@ BEAT FREQUENCY: 
1 kc/s 


@ SELECTIVITY: 
Not less than 30db discriminatid 
at 1kc/s off tune 1 


@® SENSITIVITY: 
Readable meter deflection f 
5 microvolts input. Audible no 
in phones for 1 microvolt input, 


@® ATTENUATORS: | 
0 to 60 db in 20 db steps S| 
0 to 20 db slide-wire. ‘ 


a 


= a RE 


} 


Cables: Airmec, High Wycomt) 


om FOR EL CTRICITY 


Depends on the maintenance 


of transformersand circuit breakers in good condition. 
Stream-Line Filters dry, purifyand de-aerate insulating 
oil, and secure electrical services against interruption. 
Fixed, semi-portable or fully mobile units for contin- 
uous operation at 5 gallons to 500 gallons per hour. 


STREAM-LINE FILTERS 


STREAM-LINE Habe 
LIMITED 


NEWTON-ODEABY 


ELECTRICAL EQUIPMENT | 
High Frequency Alternators 


(Send for Publication No. 1003/2) 


Also makers of Rotary Transformers and Converters, Wind 
and Engine-Driven Aircraft Generators, High Tension D.C. \ 
Generators, and Automatic Carbon Pile Voltage Regulators. ' 


24kVA Motor Alternator. 
Drip proof to 45°. Motor 
220 volts D.C, Output 120 volts. 3 phase. 333 cycles per second. 


ees includes an automatic constant speed governor. Weight 
450 


NEWTON BROTHERS 


(DERBY) LTD 


/ 


HEAD OFFICE & WORKS: ALFRETON ROAD, DERBY — 
TELEPHONE: DERBY 47676 (4 lines) TELEGRAMS: DYNAMO, DERBY — 
LONDON OFFICE: IMPERIAL BUILDINGS, 56 KINGSWAY W. cae 
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P.O. 3000 RELAY 


This Relay is the well known P.O. 3000 Relay and can be supplied with 
coils wound for standard voltages up to 250 volts D.C. 

Contact assemblies are available up to six pole changeover and 
alternative rivets can be supplied to suit varying duties. The Series 
305 Relay can be slugged for make or break action and coils can be 
vacuum impregnated for tropical and humid conditions. 


EXNING ROAD - NEWMARKET: SUFFOLK 
Telegrams: MAGNETIC, Newmarket. 


Telephone: Newmarket 3181 /2/3 
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LAMINATIONS 


Laminations of all types, in all 


sizes and in all grades of material é 
* 

FERROSIL 3 
hot-rolled and cold-reduced elec- 's 
trical sheet and strip, and hot- : 
rolled transformer sheet % 
> 

ALPHASIL “ 
cold-reduced. oriented transformer 
sheet and strip x 
be 

bi 


RICHARD THOMAS & BALDWINS LTD 


LAMINATION WORKS: COOKLEY WORKS, BRIERLEY HILL, STAFFS. 
MIDLAND SECTION OFFICE: WILDEN, STOURPORT-ON-SEVERN, WORCS, 
HEAD OFFICE: 47 PARK STREET, LONDON, W.|1 


ye 


Our Cookley Works is one of the largest in Europe specializing in the manufacture of laminations for the electrical industry. 


and the Carpenter Polarized Relay 


In the ever-widening fields of Automatic Machine Control Write for full technical data and ask, in particular, for 
and Servo-systems, the Carpenter Polarized Relay is rapidly | Brochure F.3516, “‘ Applications of the Carpenter Polarized 
becoming recognised as an essential link in operation Relay ”’ produced for Designers’ reference. 
sequences... 

because it operates extremely quickly with the minimum 

of contact bounce 


.. . it discriminates between currents of differing polarity 
with a very hi gh degree of sensitivity ; _ BE oe eet 2 
. . . its amplification factor is many times that of con- i Dect } 
ventional amplifiers 4 if 

. . . it offers an appreciable saving in space and capital j 

outlay. 


Carpenter Relays are available in several versions, e.g., in 
hermetically sealed covers; fitted with built-in radio 
interference suppressors ; adapted as 50 c/s choppers for 
a.c./d.c. amplifiers, etc., all in a wide range of single and 
multiple coil windings. 


econ A Ee Pe a ee 
See our exhibits 
STAND 20! 1.E.A. EXHIBITION 


Manufactured by the Sole Licensees: 


TYPE 5 CARPENTER POLARIZED RELAY % 


[ 


an ana ennnnnannne antenna ahaMnnatnnnneMantnatnanent 


i 


TRaoe ph” 


TELEPHONE MANUFACTURING CO. LTD 


Contractors to the Government of the British Commonwealth and 
other Nations 
HOLLINGSWORTH WORKS + DULWICH + LONDON §.E.21 TEL. GIPSY HILL 2211 
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This size... 


...and smaller! 


This is a small carbon track Precision Resistive Element a mere 10 mm. im 


diameter—but it isn’t the smallest which can be produced by Plessey at 
Swindon. Neither is it the largest. They range up to 4” in diameter and, 
in their various forms, cover a wide field of applications. 

By a recently developed technique, it is now possible to join straight 
Precision Resistive Elements to form electrically continuous tracks of several 
feet in length. Such tracks are used in automatic machine tool control. The 
track itself, normally carbon type, can alternatively be produced in a silver 
loaded, high conductivity material for multi-pole switches or commutators. 
These are suitable for continuous high-speed rotation and have an extra- 
ordinarily long life. Products of this type have many applications in 


spheres of telemetering, computers and instrumentation. 


Precision Resistive Elements 


are employed in these important applications... 


Guided weapons 

Machine tool control 

Movement indication and control 

Liquid level control and remote indication 
Continuous rotation potentiometers 

Sine cosine potentiometers 

Precision potentiometers with special laws 
Tagless track potentiometers 

Stepped attenuators 

Strain gauges 


Pressure sensitive elements 


SWINDON COMPONENTS DIVISION - THE PLESSEY COMPANY LIMITED - Kembrey St. Swindon - Wilts - Tele: Swindon 5461 
Re) $C4a 
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SOs 


the homes fund  — 


“The Chesters,’’ at New Malden, Surrey, 

is a residential estate for members of The Institution or their 
dependants whose needs have come to the notice of the 

Court of Governors of the Benevolent Fund. 


Funds are still needed to complete the original scheme of 26 


residences. 


* CONTRIBUTIONS HOWEVER SMALL ARE WELCOMED AND MAY 
BE SENT TO THE HON. SECRETARY OF THE INCORPORATED 
BENEVOLENT FUND, THE INSTITUTION OF ELECTRICAL 
ENGINEERS, SAVOY PLACE, LONDON, W.C.2, OR HANDED TO 

ONE OF THE LOCAL HON. TREASURERS OF THE FUND. 


“(xxix >: 
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The METROVICK 950 
Digital Computer 


FOR MORE RELIABILITY: IN COMPUTING 


This new computer incorporates 


FULLY TRANSISTORISED LOGICAL CIRCUITS | 
PLUG-IN PRINTED CIRCUIT BOARDS 


These features in the Metrovick 950 make for— 


e RELIABILITY e EASY SERVICING 


e COMPACTNESS e LOW POWER CONSUMPTION 


e LOW INITIAL COST 
Write for booklet 
No. SP 7655/1 


METROPOLITAN-VICKERS_ 


17 


ELECTRICAL, CO LTD - TRAFFORD .PARK..”, MANCHESTER 


An A,.E.I, Company 
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Fine wires = 
always in demand ~ 


“ 


for precision work — 


é 


Lewcos Insulated Resistance Wires with 
standard coverings of cotton, silk, glass, 
asbestos, standard enamel and synthetic 
enamel are supplied over a large range E 
of sizes. 


Send for our new leaflet 


THE LONDON ELECTRIC WIRE COMPANY ~ 
AND SMITHS LIMITED 3 


Sa Es eae ee 


LEYTON © LONDON -: €E.10 


RICHARDJOHNSON& NEPHEWLIMITED, MANCHESTER II 


FORALL 
INDUSTRIAL 


Write for details to Dept. 1.£.£.5 
WESTINGHOUSE BRAKE & SIGNAL CO. LTD. 


82, York Way, King’s Cross, London, N | 
Visit Stand No. C.508, B.I.F., Castle Bromwich, May 6th to 17th, 1957 
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SI 


Helical Potentiometer 
Type PX 4/H.10. 
Turnings: 3 and 10. 


Low Torque 
Subminiature 
Type FandG 


Ceramic Po- 
tentiometer 8 
Toroidal Potentio- : = sizes 10-1,000 
meter Type B and E x watts. 
with ball races. 


New and Improved 


“ZENITH =y ARTACS” 
at REDUCED PRICES ! 


*REGD. TRADE-MARKS 
Lae Due to increased de- 
mand, up-to-date design 
practice and modern pro- 
duction methods, we are 
able to announce substan- 
tial price reductions on most 


“*“VARIAC’’ models. 


A new comprehensive 


on Potentiometers... 


SOLDERING 


BIT SIZES 
y toatl’ 


You want reliability? Then you want 
Fox’s! Our potentiometers are renowned 
throughout the world for their simplicity, 
amazing mechanical strength, and, most 
important of all, reliability under the most 
vital and critical conditions. 


May we advise you on any problem you 
may have? Please write for details of the 
large range of toroidal and_ helical 
potentiometers. 


P. X. FOX LIMITED 


Specialist manufacturers of Toroidal Potentiometers 
Dept. 215. 

Hawksworth Road, Horsforth, Yorkshire. 

Tel.: Horsforth 2831/2. 

Grams.: ‘‘Toroidal, Leeds.’’ 


ADCOLE 


(Regal. Trade Mark) 


& ALL 


ALLIED EQUIPMENT 


ASSURES 


JOINTS 
FOR 


SOUND 


~ 


INSTRUMENTS | 


aliglalcea 


Reg. Trade Mark: 


with Exclusive DurattakContact Surface 


THE ZENITH. ELECTRIC’ COMPANY LTD: 


LONDON, .N.W.2 ENGLAND. 


Continuously-Adjustable Autotransformer 


catalogue covering over 
170 models is now avail- 
able and will gladly be 


forwarded on request. 


Most ‘‘VARIACS’’ have 
the exclusive DURA- 
TRAK brush track which 
gives longer life, increased 
overload capacity and 
maximum economy in 
maintenance. 


The ZENITH ELECTRIC CO. Ltd. 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 


Telephone; WLlesden 6581-5 


Telegrams: Voltaohm, Norphone, London 


EL LT ER EE TT TE EI EE TT TAME 


VOLT RANGES 
FROM 
6/7 to 230/50 VOLTS 
WITH NO EXTRA 


COST FOR LOW 
VOLTAGES 


ADCOLA 


PRODUCTS LTD. 
Head Office & Sales 
GAUDEN ROAD 
CLAPHAM HIGH St. 


LONDON, S.W.4 


SOUND 


EQUIPMENT 


TELEPHONES 
MACaulay 4272 
MACaulay 3101 


re now even easier fo install 


Designers of communications equipment, 
will welcome the new mounting and terminating arrangements of the Mullard 25mm 
and 36mm pot cores. 

Unique design features that make installation easier than ever, include positions for 
tag boards on three sides and a new system of fixing, which eliminates the need for 
additional mounting plates. 

Combining constructional advantages with sound technical performance, these 25mm 
and 36mm pot cores take full advantage of the low loss of Ferroxcube to produce 
inductances of up to 30 henries, together with high Q values over a wide frequency 
range. As an additional service these pot cores can be supplied wound to individual 
specifications, if required. 

Write now for full details of the comprehensive range of Mullard pot cores currently 
available. 


Outstanding features 


* Controllable air gap, facilitating inductance adjustment 


Self screening 

Controllable temperature coefficient 
Operation over a wide frequency range 
Ease of winding, and assembly 


* * K * 


aN ‘Ticonal’ permanent magnets 
EMIETSIa] 4=Magnadur ceramic magnets 
! g g 
Ferroxcube magnetic cores 
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MULLARD LTD., COMPONENT DIVISION, MULLARD HOUSE, TORRINGTON PLACE, W.C.| 
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GOLTOP 


transistors 


All types-RF, AF and Power-are in full production 


Extensively used in leading makes of portable radio and a wide 
variety of other applications; ‘“‘GOLTOP” Junction Transistors 
have proved themselves completely satisfactory over a long period. 

*“GOLTOP”’ Transistors are hermetically sealed, combining 
high efficiency and stability with small size and are British through- 


out. Data sheets will be forwarded on request. 


radio frequency: suitable for I.F., medium wave, video and pulse 
applications V6/R2 : V6/R4 : V6/R8. 


audio frequency: for use in amplifier and medium power output 
stages, these transistors have exceptional current amplification factors. 
VIO/ISA : VI0/30A : V10/50B. 


POWEP: for power dissipation up to OW at audio and supersonic fre- 
quencies. V15/10P : V15/20P : V15/30P : V30/10P : V30/20P : V30/30P. 


British Design, Materials and Craftsmanship — 


Please send all trade enquiries to: Newmarket Transistor Co. Ltd. 


Exning Road, Newmarket. Telephone : Newmarket 2963 and 3203. 


—_ 
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Firm page Firm page 
sola Products Ltd. XXXII Marconi Wireless Telegraph Ltd. Vii-x 
‘co Research Ltd. XV Metropolitan Plastics Ltd. xli 
mec Ltd. XXIV Mullard Magnetic Materials Ltd. XXXIli 
tomatic Telephones & Electrical Co. Ltd. xill Mullard Valves Ltd. vi 
v E Metropolitan-Vickers Electrical Co. Ltd. Xx1x 
ema Television Ltd. Xv1 
ssor Instruments Ltd. XXi Newmarket Transistors Ltd. XXXIV 
g Newton Bros. (Derby) Ltd. XXIV 
bilier Condenser Co. Ltd. Xiv 
Philips Electrical Ltd. XXXV 
A.1. Electronics Ltd.—Instrument Division i Plessey Co. Ltd. “A & A Group” xix 
A.J. Television Ltd.—Television Division i Plessey Co. Ltd. (Swindon) XXVii 
lish Electric Valve Co. Ltd. XX Pye Telecommunications Ltd. XXXVI 
e Resistor Ltd. : XXill 
i Savage Transformers Ltd. xl 
ranti Ltd. 3 XViil Solartron Electronic Group iii 
.. Fox Ltd. XXXII Standard Telephones & Cables Ltd. xvii 
Streamline Filters Ltd. XXiV 
aeral Electric Co. Ltd. Telecommunications iv & v 
Telephone Manufacturing Co. Ltd. XXV1 
Johnson & Nephew Ltd. 9.0.4 : 
; Richard Thomas & Baldwins Ltd. XXVi 
yon Electric Wire Co. & Smiths Ltd. XXX 
; Westinghouse Brake & Signal Co. Ltd. XXXI 
gnetic Devices Ltd. XXV 
reoni Instruments Ltd. . Xxil Zenith Electric Ltd. XXXil 


In Science and Industry alike... 


among technicians, manufacturers and those 
engaged in the sale of electrical products — as 
well as among the public at large, the Philips 
emblem is accepted throughout the World as 


a symbol of quality and dependability. 


PHILIPS ELECTRICAL LTD 


CENTURY HOUSE, SHAFTESBSURY AVENUE, LONDON, W.C.2 


RADIO & TELEVISION RECEIVERS * RADIOGRAMS & RECORD PLAYERS * GRAMOPHONE RECORDS * TUNGSTEN, FLUORESCENT, BLENDED AND DISCHARGE LAMPS & 
LIGHTING EQUIPMENT ° ‘PHILISHAVE’ ELECTRIC DRY SHAVERS + ‘PHOTOFLUX’ FLASHBULBS + HIGH FREQUENCY HEATING GENERATORS «= X-RAY EQUIPMENT 
FOR ALL PURPOSES * ELECTRO-MEDICAL APPARATUS * HEAT THERAPY APPARATUS * ARC & RESISTANCE WELDING PLANT AND ELECTRODES * ELECTRONIO 


© SURING INSTRUMENTS « MAGNETIC FILTERS - BATTERY CHARGERS AND RECTIFIERS * SOUND AMPLIFYING INSTALLATIONS + CINEMA PROJECTORS * TAPE ln ed 
(P23 
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world-wide 


Pye Telecommunications Limited are now marketing 
the widest and most modern range of V.H.F. fixed and mobile 
radio-telephone equipment available in the world. This range of 
equipment has been designed to expand the application of Pye 
Radio-Telephones already in constant use in 77 different countries. 

Pye Ranger V.H.F. equipment has now received 
approval from the British G.P.O. for Land, Marine and Inter- 
national Marine applications employing A.M. or F.M. systems, 
type approval from the Canadian D.O.T., and type acceptance of 
the F.C.C. of the United States of America. 

No other Company holds so many approvals for this 
range of equipment, which now covers every conceivable require- 
ment. 


We can offer 


FREQUENCY RANGE a 
All frequencies from 25 to 174 Mc/s. — 


POWER RANGE 
All powers up to | Kilowatt. 


CHANNEL SPACING 
All channel spacings including 20 — 
and 25 kc/s in full production. ; 


MODULATION 
A.M. or F.M. 


Leading the world in 


V.H.F. RADIO-GOMMUNIGATION 


No matter what your V.H.F. 
requirements are, Pye Telecom- | 
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DISCUSSION ON 
‘THE CRYSTAL PALACE TELEVISION TRANSMITTING STATION’* 
AND 


AND I TELEVISION-TRANSMITTER DESIGN, WITH PARTICULAR REFERENCE TO 
THE TRANSMITTERS AT CRYSTAL PALACE’}{ 


Mr. K. L. Rao (Undia: communicated): Replying to Mr. 
-eaish on the question of absence of details of the sound 
asmitter in the paper, Messrs. McLean, Thomas and Rowden 
ied that the sound transmitter is quite up to the highest 
udards. The overall efficiency would, however, be only 
put 27%, judging from the figures quoted in Section 4 of the 
ver by Messrs. Cooper and Morcom. With a.c. filament 
iting and xenon rectifiers for the higher power stages, the 
wall efficiency appears somewhat low even allowing for the 
ner operating frequency of the transmitter. 
a their Section 6.3.4, Messrs. McLean, Thomas and Rowden 
ed that reception very near the transmitting aerial will be 
ir. They give a full diagram for the horizontal radiation 
‘erns of the aerials, but not for the vertical pattern. Would 
‘method of adjustment amount to directing the main lobe 
ire towards the ground? How far would such an arrangement 
‘ct the overall coverage? Would horizontal polarization 
ve a better solution? 
a television technique it has always been noticed that separate 
je runs are taken to a common aerial with a diplexer. I 
‘pose there is a special reason for this. The band coverage 
's not appear to be the deciding factor. The second run of 
xial line can perhaps be avoided by arranging the diplexer 
he transmitter end, the transmission line distribution system 
‘obtaining the required current and phase relationships for 
‘ing the aerial array, at the aerial point. 
‘aking the overall transmission into account, namely from the 
lio to the receiver, the 405 line British standard appears to 
e proved quite satisfactory. It is, however, unfortunate 
‘there are so many standards, which appear to have developed 
an extent that each country or group of countries must 
tinue to use its own standards. Television has, however, 
begun to function in earnest before reasonable standards 
€ set, unlike sound broadcasting where stations commenced 
tating with no more than 9kc/s separation, which could 
sequently be increased to no more than 10kc/s. Uniform 
dards appear to have been adopted for f.m. broadcasting. 
ippose the problem of changing over to uniform standards 


M- Lean, F. C., THomAs, A. N., and Rowpen, R. A.: Paper No. 2069 R, March, 


(s-2 103 B, p. 633). 
eeese, Vv. e and Morcom, W. J.: Paper No. 2075 R, March, 1956 (see 103 B, 
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in television is even more formidable than that of changing over 
from m.f. and h.f. to v.h.f. broadcasting. 

Is there any special reason for choosing s.f. links for outside 
broadcasts? Such links may have to operate on a semi- 
permanent basis on account of the limitation of antenna height 
at the outside-broadcast point also. Again, adjustments of 
antenna orientation on the paraboloids appear to be critical. 
A v.h.f. link may operate more satisfactorily under less critical 
conditions, particularly on account of lower so-called ‘city’ or 
‘built-up area’ losses. 

Messrs. F. C. McLean, A. N. Thomas and R. A. Rowden (in 
reply): The vertical polar diagram of the aerial is not tilted, the 
main lobe remaining horizontal to give best overall coverage. 
The adjustment provides a fill-in for the minima in the vertical 
radiation pattern and hence reduces the field strength variations 
at short distances. 

It is essential that a diplexer should be immediately next to 
the aerial, and hence it would not be possible to put it at ground 
level. The arrangement of filter circuits used enables this to be 
done with consequent saving in feeders and improved accessi- 
bility of components. As Mr. Rao says, a change of television 
standards, once they have been established, is difficult, and 
increasingly so as the number of receivers increases. The con- 
version of a programme, however, from one standard to 
another has proved to be without difficulty and is widely used in 
Europe. 

S.F. links have been found the most convenient and reliable for 
programme purposes, these frequencies permitting the use of 
highly directive aerials, while the equipment is more compact 
than would be the case on lower frequencies. No insuperable 
difficulties are experienced with these frequencies. 

Messrs. V. J. Cooper and W. J. Morcom (in reply): The power 
output of 44. kW carrier with a power input 14kW (see Section 4 
of our paper) shows an efficiency of 32%. Although this figure 
is not very high, the B.B.C. and the authors agreed that, since 
the requirements of Band I amplitude-modulated sound broad- 
casting of this power are special to the Crystal Palace station 
only, it would be better to use a design comprising circuits and 
valves of proven reliability already embodied in the B.B.C. 
television transmitters at Holme Moss. The performance and 
reliability achieved justifies this decision. 
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DIFFERENCES OF OPINION ABOUT DIMENSIONS 


By Professor R. O. KAPP, B.Sc.(Eng.), Member. -) 
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SUMMARY 


Contemporary differences of opinion among leading authorities 
about dimensions are numerous and often extreme. It is sometimes 
overlooked that the use made of the theory of dimensions is purely 
algebraic, and mistakes in elementary algebra are the cause of several 
of the more extreme opinions. When these have been excluded, it is 
shown that dimensional quantity appears as a synonym for independent 
variable, although considerations of convenience demand the arbitrary 
exclusion from dimensional equations of many independent variables. 

It is shown that the difference between rationalized and unrationalized 
units depends on the value of the unit given to a quantity that appears 
sometimes as an independent variable. This quantity has not always 
been recognized as such and has not received a name, but it might be 
called a ‘configuration measure’. 


(1) INTRODUCTION 

The theory of dimensions is one of those subjects on which 
differences of opinion become apparent from time to time. This 
has happened recently in the Journal of The Institution in corre- 
spondence under the heading ‘Units and Terminology’, wherein 
the contributors were seeking to ensure that the names for the 
units used in electrical engineering should be dimensionally 
correct. The particular question that initiated the correspondence 
was whether the M.K.S. unit for permeability should be the henry 
per metre or the henry per metre-turn-squared—a question that, 
in the opinion of some writers, depends on whether turns are a 
dimensional quantity. Prof. Bradshaw! says that the correct 
name is henry per metre-turn-squared, while Dr. Hartshorn? 
says that it should be henry per metre; Prof. Nicholson? is 
prepared to accept henry per metre-turn-squared, but Mr. 
Carr* objects to both names. 

On this occasion the equation used as a basis is 


L=k(N?) sede Asatte 


where = permeability, a = area, / = length, L = inductance 
and N = number of turns. The factor k depends only on the 
arbitrary choice of units and not on the magnitude of any of the 
variable quantities; it is omitted when eqn. (1) is replaced by a 
dimensional equation, and is taken as unity when eqn. (1) is used 
as a unit-defining equation in a coherent unit system. The 
question under debate is whether WV should also be omitted. 

Differences of opinion about the name for unit ‘permeability’ 
are no more than a faint echo of differences to be found in the 
scientific literature of the past few decades. Numerous extreme 
views and theories have each had the backing of high authority, 
and are often mutually contradictory. Moreover, many of them 
would be unacceptable to those who actually use the theory of 
dimensions in their scientific work. 

A study of the literature shows that one of the reasons for the 
divergence of views may be that the word ‘dimension’ has different 
meanings for different people, but a more frequent reason is, 
surprisingly, that some of those who have contributed to the 


Prof. Kapp is with Kennedy and Donkin. 


\ 
more abstruse aspects of the subject have been careless enoug 
to make some mistakes in algebra. The resulting confusion sti 
prevails and is now delaying decisions of major importance i 
electrical engineering, so that a clarification of the subject ha 
become an urgent necessity. 


(1.1) Differences about the Correct Number of Fundament 
Dimensions 


One of the disputed questions is the number of primary o 
fundamental dimensions needed for any particular branch ¢ 
science. It is possible to quote high authority for the vie 
that the correct number of fundamental dimensions, thy 
defined, is three for mechanics, four for thermodynamic: 
and four for electromagnetism. This view has the support 0 
Doherty and Keiler,® Prof. Cullwick,”? and Prof. Bradshaw. 
Those who support this view usually choose, as their fundamenta 
dimensions, mass, M, length, L, and time, T, for the mechanica 
ones and add, by preference, temperature, 9, in thermodynamics 
They point out that the choice is immaterial, provided that th 
correct number is chosen, and their choice in electromagnetisn 
may fall on any ‘electrical’ quantity, but commonly on Der 
meability, jz, permittivity, «, current, /, or charge, Q. 

It is equally possible to quote high authority for the view ia 
the correct number of fundamental dimensions is two for al 
branches of science, a supporter of this view being Burnistoi 
Brown.? Equally high authority supports the view that th 
correct number is four; thus, Duncanson!® says that four ar 
necessary in electromagnetism, but that the three mechanica 
ones suffice in thermodynamics. Lanchester!!! was among thos 
who denied that four are necessary in either branch of science 
claiming that the three mechanical ones suffice for the whole o 
physics. 

Yet others say that the number of fundamental dimensions i 
arbitrary. Among these was Planck,!2 who said: ‘The dimen 
sions of a physical quantity are not inherent in it, but constitut 
a fitting property conditioned by the system of measurement 
Langhaar’? supports this view: in mechanics he distinguishe 
between what he calls an ‘astronomical system’, for which tw 
fundamental dimensions only—length and time—are correct- 
and the system used in engineering, in which three fundamenté 
dimensions are required. In electromagnetism he distinguishe 
similarly between what he calls the ‘Gaussian system’, in whie 
he considers that the three mechanical fundamental dimension: 
mass, length and time, provide the correct number, and th 
‘Giorgi system’, in which, according to him, a fourth is require 

Prof. Dingle!4 belongs to Planck’s school. ‘While the min 
mum number is one’, he says, ‘there is no upper limit.’ ‘Th 
dimensional symbol’, he says, in the preface to a book b 
Focken,'° ‘stands for the operation by which the correspondin 
quantity is measured.’ With a certain method of measuremet 
all physical quantities can, in his view, be expressed as powél 
of the single fundamental dimension, length L. Focken suppor 
this view, but Lanchester (p. 125 of Reference 11) said: “That 
single physical entity may possess more than one dimension: 
value is to the author unthinkable.’ Guggenheim’s> oppositic 


[ 198 ] 


KAPP: DIFFERENCES OF OPINION ABOUT DIMENSIONS 


mot sO uncompromising, but he speaks of the ‘dubious 
soning’ of those who say that time and length have the same 

snensions. 

| 


/(1.2) Differences about the Form of Dimensional Equations 


‘Those who say that permittivity is not a dimensional quantity 
ste the dimensional equation for charge 


| 

| OQ = M!2L32T-1 (2a) 
whe electrostatic system, and 

‘| O = M!?2L-!27 (2b) 


he electromagnetic system. 
“Those who say that permittivity is dimensional may choose it 
‘a fundamental dimension and write ; 


Q=PMIPL32T-1 . | 1. . G3) 


yey may, however, prefer to choose Q as the fundamental 
=iension; they then write 


Mee Oe oe (A) 


Those who say, with Planck, that the dimensions of a quantity 
send on the system of measurement or, with Dingle, that they 
vend on the operation by which the quantity is measured, 
‘ord claim that eqn. (2) was correct in the Gaussian system, 
die eqns. (3) and (4) were correct in the Giorgi system. On the 
ser hand, Doherty and Keller, Cullwick, Bradshaw and others 
their school would say that eqn. (2) is always wrong, while 
sis. (3) and (4) are always right. Lanchester would have said 
‘/t eqn. (2) is always right and that eqns. (3) and (4) are always 
‘ong. Burniston Brown would say that all three equations are 
‘ong, since he admits only two dimensional quantities for the 
‘ole of physics. 
bimilar differences occur about the correct dimensional 
sation for mass. Some workers treat it as a fundamental 
‘ension incapable of being expressed in fewer terms than three 
jer fundamental quantities. Burniston Brown disagrees and 
is that its correct dimensional equation is 


| ye Ein Ay eo), 


m which he deduces the dimensional equation for force as 
|= L‘T~4, as did Planck nine years earlier. But while Burniston 
wn claims that eqn. (5) holds universally, Planck—at least as 
2rpreted by Langhaar—claimed that it holds only in astronomy. 
“The dimensional equation for temperature is also presented 
yerently. Some claim that, like mass, it may be used as a 
damental dimension and cannot then be expressed in terms 
less than three others. But Duncanson!® gives as the dimen- 
as of temperature 6 = ML?T~?, his reason being that tem- 
‘ature is a measure of the mean kinetic energy in a gas: from 
; he concludes that its dimensions are those of energy. 
ibbings,!®© on the other hand, says that the dimensions of 
“perature are uncertain, but that he is prepared provisionally 
treat it as an alternative dimensional quantity. For this 
‘pose he advocates 9 = L?T~?. 


(;.3) Differences as to whether the Dimensions of Certain 
Fundamental Quantities are known 


There is a substantial body of opinion for the view that certain 
Niities, such as temperature and permittivity, are dimen- 
2n2i, that they can be expressed as products of powers of mass, 
1) and time, but that it is not yet known what those powers 

Stubbings has just been quoted as having expressed this 


EOS) 


view in regard to temperature. Porter!’ expresses it in the 
following words: ‘We know nothing concerning the dimension 
of the individual quantities w and ¢, but only their product.’ 

Lanchester was a strong supporter of this view. Many, besides 
Stubbings, apply it to temperature, but others, such as Duncanson, 
disagree, saying that the dimensions of temperature are known. 

The authorities quoted in References 6, 7 and 8 would 
say that the question is meaningless, since temperature and 
permittivity, when used as fundamental dimensions, cannot be 
expressed in terms of other dimensions. 


(2) THE BASIC EQUATION 
(2.1) The Appropriate Basis for a Theory of Dimensions 


A curious fact about the authorities quoted above is that they 
relate their respective theories to a number of different con- 
siderations. Langhaar relates his to the system of units that 
has been selected. So probably did Max Planck, although he 
spoke of the ‘system of measurement’. Dingle and Burniston 
Brown relate their theories to the operation by which a quantity 
is measured, while Duncanson relates his to the physical nature 
of the quantity concerned. In his opinion the dimensions of 
temperature, for instance, could not be known until discovery of 
the molecular structure of matter enabled it to be defined in 
terms of the average kinetic energy of the molecules in a gas. 
But very few of those who have recently written on the subject 
seem to relate theory of dimensions to algebraic equations. Yet 
it is for work with these that the theory of dimensions was 
devised, and it is never used in practice except in relation to 
algebriac equations. 

The first necessary step, it would therefore appear, is to correct 
that oversight. One must move away from the rather recondite 
considerations that have been brought more and more to the 
subject and discuss it in the more elementary terms of simple 
algebra. 

The most general form of algebraic equation to which theory 
of dimensions can apply is 


Kis KAYO DIES Ga l= ee 


In this equation the capital letters on the right-hand side represent 
between them all the quantities of which, for any particular 
example, the numerical values help to determine the value of X. 
To serve as a basis for work with dimensions, eqn. (6) must be 
such that no right-hand-side quantity represented by a capital 
letter is implicit in others that occur in the same equation, i.e. 
one must not be able to write for any quantity such as A that 


ABU s Tt lait Sa) 
for if one could, eqn. (6) would have to be replaced by 
X= kBoeiodCor+OpsEt . .. . (8) 


Eqn. (6) would then contain one redundant term and would be 
overdetermined. If eqn. (6) is formed correctly, each capital 
letter represents a quantity that varies independently of the others 
and is called an independent variable. 

Eqn. (6) is not necessarily a dimensional equation. But theory 
of dimensions is always applied to a dimensional equation 
obtained by modifying a parent equation of type (6) in certain 
ways; the appropriate modifications will be discussed in Section 3. 


(2.2) The. Uses of Theory of Dimensions 


Theory of dimensions has sundry uses. Five have been listed 
by Doherty and Keller® (p. 131), namely checking equations, 
changing units, derivation of formulae, analysis of physical 
systems by use of models or similar physical systems, and 
systematic experimentation. 
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The list seems to be exhaustive. Most engineers are familiar 
with the first use, for they use theory of dimensions to check 
their equations, sometimes deliberately, sometimes instinctively. 
If an independent variable is shown with a wrong index the 
equation is valid only for one particular value of that variable 
and for one particular choice of unit for it. In order to check 
equations for generality it suffices to check the indices in the 
dimensional equation. 

True, a complete check must ensure that all independent 
variables are included and that there are no redundant ones. 
But the omission of a quantity and its inclusion with the index 
zero amount to the same thing. Thus f= M°LT~? is a correct 
dimensional equation for acceleration [see also eqn. (100)], so 
that checking indices reveals both omissions and redundancies, 
provided that the index zero is taken into consideration. 

The other four uses of the theory also call for work with the 
indices. For the derivation of formulae, for instance, simul- 
taneous equations are set up in which the indices are the 
unknowns. However much a dimensional equation may differ 
from the parent equation, all the quantities in it must therefore 
occur with the same indices as are shown by the same quantities 
in the parent equation. 


(2.3) The Factor k 


When egn. (6) applies to a specific example the letter symbols 
are replaced by numbers. Before this can be done the value 
chosen for the unit for each quantity must be defined, and for 
most quantities the choice is arbitrary. In eqn. (1), for instance, 
the unit of length may be defined as the inch, the centimetre or 
the metre. Similarly, the unit of permeability may be defined 
as the permeability of free space, as in the electromagnetic C.G.S. 
system, as 9 x 10?° times the permeability of free space, as in the 
electrostatic C.G.S. system, or as 10’/4z times the permeability 
of free space, as in the rationalized M.K.S. system. 

Let k be defined as a quantity whose value depends only on 
the choice of units for the independent variables: k is then 
independent of all physical circumstances and is for this reason 
called a pure number. For the purpose of this paper all other 
quantities that can occur in an equation are represented in 
eqn. (6) by letter symbols, even such as are called numerical 
constants and often shown as merely numerical values in other- 
wise purely algebraic expressions. 

One may choose the unit value for every one of the quantities 
represented by a capital letter and determine by experiment the 
resulting value of k, or one can let the choice of unit fall on 
all but one of the quantities and then choose the value of the 
last remaining one, not arbitrarily, but so as to make k = 1. 
This is done when a coherent system of units is being devised. 

It is worth noting that omission of & reduces the generality of 
eqn. (6), which holds for all values of the independent variables 
and also for any system of units. When k is made unity the 
equation still holds for all values of the independent variables, 
but it holds only for a coherent system of units. This loss of 
generality does not interfere with any of the uses to which theory 
of dimensions is put. 


(3) DIMENSIONAL EQUATIONS 
(3.1) Are all Independent Variables Dimensional? 


In what ways must the parent equation of type (6) be modified 
in order that it may become a dimensional equation? 

It is about the answer to this question that all the differences 
of opinion occur. There is general agreement that k must be 
omitted. There is also general agreement that quantities in the 
parent equation may, when it is possible, be replaced by an 
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equivalent combination of quantities that are called fundamental 
dimensions (the process will be explained in Section 3.2). But 
there is disagreement about what is an equivalent combination 
of fundamental dimensions. 

There is, in addition, disagreement as to which of the inde- 
pendent variables that occur in the parent equation should be 
omitted from the dimensional one, and disagreement about the 
criteria by which one can decide whether a particular variable i is, 
or is not, a dimensional quantity. As pointed out already, some 
say that the distinction depends on the system of measurement, 
some that it depends on the operation by which the quantity is 
measured, and some that it depends on the physical nature of the 
quantity. 

A moment’s thought shows that none of these criteria are 
consistent with the use of letter symbols for the quantities. 
A letter symbol stands for an aspect of the quantity that is 
independent of choice of unit, independent of the actual mag- 
nitude of the quantity, and independent even of its physical 
nature. Temperature occurs in the parent equation with the 
symbol 6, and with the same index, whether the experimenter 
is using a Fahrenheit or a Celsius scale, whether he uses mercury 
or a thermocouple for the operation by which the temperature 
has been or will be or could be measured, whether he has learnt 
about the molecular theory of gases or not. It is impossible to 
take the suggestion seriously that such matters have to be known 
before one replaces the parent equation by a dimensional one, 
checks the indices, or does any of the other things for which i 
of dimensions has been devised. 

The question arises whether there is any scientific criterion at 
all by which some category of independent variable becomes 
dimensionless or whether ‘dimensional quantity’ and ‘independent 
variable’ are synonyms. It will be easier to answer this question 
after considering the justification for replacing certain inde- 
pendent variables by equivalent combinations of fundamental 


dimensions. 
"a 


(3.2) Fundamental Dimensions 


When a dimensional equation replaces the parent equation it 
is convenient, though not always necessary, to replace some 
independent variables by a set of others. These are called—in 
not the happiest of terms—‘fundamental dimensions’. They are 
no more fundamental than other independent variables, but they 
are treated as fundamental for the purposes of applying theory 
of dimensions. 

In mechanics, M, L and T are commonly chosen. An example 
will illustrate their use. It is known that the dimensional equal 
for momentum is MLT~! and that for velocity is LT—!. If the 
product of these two quantities occurs it can be replaced by these 
equivalent expressions. L and T~! occur in both, and they are 
gathered together to give the simplified expression ML?T~?. 

This procedure has caused a certain amount of puzzlement, 
which is still occasionally reflected in the literature, for it leads 
to quantities to which one cannot give a physical meaning, such 
as the square of time. But there is really no need for the puzzle- 
ment. It has arisen only because the rigid mathematical justifica- 
tion for gathering fundamental dimensions together is rarely 
stated. It can best be understood with the help of a very simple 
example. 

In the parent equation (6) let A represent an area: it might be 
that of a rectangle with the two sides /; and J, but it need not be 
Whatever the actual shape of the area one can find for any 
Paks value of A a numerical value of a length / such tha’ 

=I?, Since I? is the equivalent of A, one can leave A out 0} 
- equation and put /? in its place. But this does not mear 
that the equation only holds for an area in the shape of a square 
it means that, in any given numerical example of eqn. (6), X¥ oF 
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the left-hand side would have the same numerical value if A 
were replaced by a suitably chosen value of /?. 
The general case is given by 


¥= U"NU (9a) 


where Y may be any independent variable in the parent equation, 
while U, and Uy are like quantities with not necessarily equal 
values. Ifa third value, U without suffix, can be found such that 


URUE = Umtn (9b) 


one can leave Y out of the dimensional equation and put Um+n 
mits place. The substitution is, of course, not permissible in the 
equation that represents actual results of a measurement. 
Nevertheless, the numerical value on the left-hand side is not 
affected by the substitution. Put into words, the procedure of 
replacing independent variables by their equivalent fundamental 
itimensions is based on the fact that one can, in general, replace 
the product of like quantities that have different values by the 
oroduct of like quantities that have the same values. 


(3.3) The Ratio of Like Quantities 


There is one exception to the rule that one can replace Y in 
-quations like Qa) by U™+”, namely when n = — m—a condition 
virich defines a ratio of like quantities. Suppose, for instance, 
un independent variable in the parent equation is a strain, s. 
“his is the ratio of two lengths and can be written 


“his shows that three significant statements can be made about 
_ ratio of like quantities: 

(a) The quantity of which the ratio is taken can appear in the 
dimensional equation only with the index zero; in other words, it 
disappears. 

(6) A ratio of like quantities cannot be replaced in a dimensional 
equation by any combination of fundamental dimensions. 

(c) The symbol for a ratio (such as s) cannot disappear from the 
dimensional equation without loss of generality, for when that 
symbol is omitted the equation holds only for the particular case 
that the ratio is unity. 

It is interesting that s in eqn. (105) and k in eqn. (6) differ in 
ignificant ways. The value of k depends on the arbitrary choice 
‘f units; the value of s does not. On the other hand, the value 
f k does not depend on any physical circumstances, and that 
f s does. By these characteristics, s should be included in 
dimensional equations along with other independent variables. 
evertheless s is, by common consent, put in the same category 
s k. It is classed among the pure numbers, declared to be 
limensionless and omitted from dimensional equations. One 
ould wish that it were easier than it actually is to find a clear 
ind cogent mathematical justification for this decision. In that 
astification the obvious difference between the characters of s 
md k would appear as insignificant, while some difference 
tween a ratio and other independent variables would be 
fefined and shown to be significant. 

| It does not seem possible to deduce the justification from 
tn. (104), which proves only that a ratio has no equivalent in a 
trbination of fundamental dimensions. But one can hardly 
(e2ne a pure number as one that has no such equivalent. A 
mnber of shillings cannot be expressed in terms of anything but 
ncaey, just as a strain cannot be expressed in terms of anything 
tui a ratio. It thus differs from a force, which can be expressed 
2 ‘erms of mass, length and time. Yet five shillings is not 
uswally called a pure number. 


| 
| 


— 


(Si LJ (10a) 
ne can substitute s/, for /, and write 
s=(sb)/L,=— sie (10d) - 
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The strain, s, in eqn. (105) is a measure of a physical condition 
and varies with physical circumstances. It will call for some 
ingenuity so to define a pure number that it includes such a 
measure. 

Most of us have, nevertheless, an intuitive objection to saying 
S units of ratio as we say s units of money, length or force. The 
present author would like to justify that intuition without having 
recourse to rather philosophical and abstruse considerations, 
but he has not succeeded in finding a sufficiently obvious difference 
between a ratio and other independent variables to enable him 
to do so. 

The gain from finding a neatly expressed reason for classifying 
a ratio with the numerical constant k and not with other inde- 
pendent variables would, however, be more one of intellectual 
satisfaction than of practical advantage, for one need not be 
convinced that a ratio is as pure a number as k in order to omit 
it from dimensional equations. For practical purposes it would 
serve little purpose there and be, indeed, more of an encumbrance 
than a help. 


(4) SUNDRY COMMON ERRORS 


(4.1) The Assumption that Quantities can be made Dimensionless 
by Choice of Unit 


The reasoning by which the dimensions of length in eqn. (10d) 
are correctly represented by /° has been misapplied by some to 
occasions when the equation does not hold. The false reasoning 
has been used to support the claim that specific heat, permittivity 
and some other quantities are dimensionless. It is said, for 
instance, that, since the ratio between the permittivity of a 
given medium and that of a vacuum is the ratio between two 
like quantities, permittivity is a pure number and dimensionless. 

Similarly, of course, the length in metres of a given rod is the 
ratio of this length to that of the standard metre. It is therefore 
the ratio of two like quantities. But, for some unexplained 
reason, it has never been claimed that length, too, is dimension- 
less. If the same reasoning is applied consistently, it can be 
used to prove that there is no such thing as a dimensional 
quantity. 

The error becomes apparent as soon as one substitutes the 
discipline of algebra for vague verbal statements. The claim is 
that permittivity is, like s in eqn. (10a), the ratio of two like 
quantities. It is believed that by substituting « for s one could 
prove this. To do so one must replace s by e, and /, by the 
selected unit for permittivity <,, and /; by the measured per- 
mittivity «. The equation is then 


(11a) 


e = efe, 


where e, may be, if desired, the permittivity of a vacuum. For 
length the corresponding equation would be 


1 = ijl, (116) 


where /, may be the standard metre. It is no more possible to 
eliminate « and / from these equations than it is to eliminate s 
from eqns. (10a) and (108). 

The reason for believing that it can be done may be the 
mistaken notion that it is s and not / that disappears in eqn. (105). 
Such a notion tends to be engendered by the regrettably imprecise 
assertion that a ratio is, by definition, dimensionless. But there 
seem to be other reasons as well for the rather widely held belief 
that, in addition to a ratio, several other independent variables 
are dimensionless. 


(4.2) The Assumption that Certain Units are given by Nature 


One of the reasons why some of the authorities have classed 
permittivity and specific heat among the dimensionless quantities 
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is that they do not recognize the permittivity of a vacuum and the 
specific heat of water as arbitrary units, while they assign dimen- 
sions to length because they do recognize the standard metre 
as an arbitrary unit. The properties of a vacuum, they claim, 
provide natural units. Hence their preference for €9 = | in the 
C.GS. electrostatic system and their belief that this system, called 
‘Gaussian’, provides different dimensions to the one they call 
‘Giorgi’, in which the choice of unit seems to them more arbitrary. 
A similar significance has been attached by Planck, Burniston 
Brown, Dingle and others to the value of the gravitational 
constant, G, and of the velocity of light, c, when these are 
measured in a vacuum and equated to unity. 

One might almost think that Nature, at one time declared to 
abhor a vacuum, is now believed to adore one. The notion, 
however, that the specific heat and the density of water are 
natural units is not so easy to understand. One can hardly 
suppose that any scientist attributes to Nature a preference for 
distilled water at 4° C over other more palatable distilled liquids. 


(4.3) Equating the First and Zero Powers to Unity 


There seems to be yet another reason for a rather common 
misapprehension about certain independent variables. It occurs 
in mechanics as well as in electricity and has led to what Langhaar 
calls the astronomical systems of units. That it is consistent to 
apply the same reasoning to mechanics and electricity is apparent 
when one compares Newton’s law of the gravitational attraction 
between masses m, and m, with Coulomb’s law of the electro- 
static force between spheres carrying the charges gq, and q. 
Newton’s law takes the form 


F = Gmympr~? 
while Coulomb’s law takes the form 


F = €9"'qiqnr~? 


In the astronomical system G is claimed to be dimensionless, 
just as €, is so claimed in the so-called Gaussian system. 
Planck, for instance, has said: 


‘If we had not already arbitrarily fixed the unit of mass, there 
would have been nothing to prevent our choosing the unit of mass 
so that the gravitational constant became one. The gravitational 
constant would then be a pure number and the mass would not be 
a self-dependent quantity, but would have the dimensions L3T~-2. 


To check this conclusion one has to fill in the intermediate 
steps by the algebra that is implicit in the argument. In dimen- 
sional symbols Newton’s law is: 


F = MLT-? = GM?L~? 


from which 
G = M—!L3T-2 


Planck chose the unit for M so that he could write the numerical 
equation G= 1. Remembering then that one can treat a 
quantity as dimensionless when it has the index zero, and that 
any quantity raised to the zero power is always unity, he sub- 
stitutes the zero power of G for its first power. This reasoning 
can be reproduced by 


G=t=@=M 4 3T (12) 
From this, one can arrive at the conclusion reached by Planck 
and Burniston Brown that M = L3T~-2, 

It is only by exactly the same reasoning that one can arrive at 
the so-called Gaussian system of dimensions. In this it is said 
that the value of permittivity in a vacuum is equated to unity and 
that permittivity is thereby rendered dimensionless. In algebraic 
terms that statement is represented by «! = 1 = ©9, It is over- 
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looked that, when referred to the quantity on the left, 1 means) 
one unit of permittivity and that when referred to the quantity i 


on the right it means the pure number one. 
Dingle attempts to justify a system of dimensions in which all | 


quantities can be expressed in powers of L only, he uses the same | 
reasoning. He says that one could select a system of units such yi 
that the unit of length was the distance travelled by light in a | 
second. This would make the velocity of light equal to unity, |) 


Co, like €9 and G in the other examples, being measured, it should 


j 
be well understood, in a vacuum. From this he reaches the!) 
unstated, but implicit, equation c! = 1=c° and obtains a/ 


system in which velocity appears to ba dimensioniess 


The error of equating the first power with the zero power of a |: 
But it is impossible to arrive at the) 


quantity is a crude one. 
Gaussian 3-dimensional system in electromagnetism, or at 
Planck’s so-called astronomical system with two dimensions, or’ 
at Dingle’s single-dimensional system, without making this error. 
When such a mistake is made by an authority with the reputatio 
of Max Planck, no matter whether he led or followed otha 
causes future generations a lot of trouble. 


When, moreover, | 


, 


n 
it |: 


, 


(4.4) The Assumption that Independent Variables are Implicit in 


Each Other 


Careless algebra, though of a different kind, is also responsi 
for the very prevalent view that the dimensions of certain 
quantities, 
expressed as products of powers of M, L and T only. 
is translated into algebraic form by the equation: 


A = M*LT? 


where A stands for temperature, permittivity, permeability or 
any other quantity claimed to be composed of the three mechanical 
dimensions only. According to Duncanson one should write 
x =1, y=2 and z = — 2, when A stands for temperature. 


such as temperature and permittivity, could be 
This claim — 


Stubbings, however, would then put x = 0, y=2, z = —2.) 
When A stands for permittivity, Stubbings, Lanchester and many 


others would say that x, y and z have finite but unknown values. | 


Algebraic reasoning easily shows the error in this view. The!) 
general case where a quantity can be expressed dimensionally in | 
terms of other quantities that occur in the same equation is’. 


represented by eqn. (7), in which A is not an independent variable. | 


A comparison of eqns. (6) and (8) shows that, when eqn. (7)) 


holds, the indices of A, B and C are all wrong in eqn. (6). They | 
ought then to be respectively 0, (mp + q) and (np +r). This is 


a general characteristic of an overdetermined equation: it con-() 
If the dimensions of mass could ever | 
be L?T—3, as claimed by Planck and Burniston Brown, if the} 


tains some wrong indices. 


dimensions of velocity could ever be L®, as claimed by Dingle, | 


and if the dimensions of permittivity could ever be definable by 

eqn. (13), a great many equations used every day would be over- h 
determined. M, L or T would appear in them with the wild 
indices, and we should be making a mistake whenever we treated | 


mass as an independent variable. 

There are two easy ways of checking the indices. One is to 
value of the variable on the right-hand side of the equation of 
which the index is to be tested. The other method is to calculate 
the effect on & of a change in the value given to the unit of the 
suspected quantity. In both cases the calculated effect can be 
compared with that obtained by an experiment. 

Suppose, for instance, that one wishes to determine whether | 


calculate the effect on X in eqn. (6) of a change in the numerical | 
. 


the index for A in eqn. (6) is correct. A change in the value of A’ 


by a factor « will change the numerical value of X by a factor «?. 
If experiment confirms this, the index is correct. Similarly, a 
change in the value of the unit for A by a factor B will change 


f 


| 
: 


| 
} 
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he value of k by a factor 8?. This, too, can be verified by experi- 
nent. Thus, if it were true that M = L°T~?, the usual equation 
or force : 

F = kMLT~* 


vould have to be replaced by 


F=KMoUAT =", (14) 
3y either of the tests this equation can easily be proved wrong, 
vhether measurements be made on distant stars or on billiard 
oalls. 

The same test can be applied to the oft-repeated contention 
hat implies the equation 


e= M*LVT? (15) 
If this were true the indices of all equations in which some of 


these quantities occur would be wrong. There is, for instance, 
the well-known equation 


fueilelene a YS. Y(16) 
“his would then have to be replaced by 
pe = kKMetL Cry TG-2).0 . (17) 


It can easily be proved by either of the above tests for indices 
dict eqn. (17) is wrong and eqn. (16) is right. Eqn. (17) implies, 
ior instance, that the value of k would be changed if one changed 
1¢ unit of mass from the gramme to the kilogramme, but it can 
© proved by experiment that it is not so. k is numerically equal 
0 the velocity of light when this is expressed in the units chosen 
sor L and T and when the units for yw and « are the values that 
che medium has in which the observation is carried out. But 
() convince those who admit uw and ¢« to dimensional equation 
athe M.K.S. system only, it may be advisable only to use C.G.S. 
wnits in the proof. 


(5) DIMENSIONS AND RATIONALIZATION 
(5.1) An Operator as an Independent Variable 


_ Algebraic equations sometimes contain numbers that are not 
jependent only on the choice of units but that represent 
tome specific physical circumstance. They are called numerical 
jonstants. An example is 4 in the expression for kinetic energy 


W=1mv? . (19) 


‘nis equation gives one specific value of the more general 
iquation obtained by integrating mvdv between the limits «v 
mdv. The general form is 


W=41 — &2)nv? . (19a) 


gn. (19) holds only for the special case when « = 0. The term 
(1 — «?) is an independent variable and would occur as such 
1 a parent equation of type (6). The reason for treating it as 
»on-dimensional is the same dubious one as for treating strain 
s non-dimensional, for here « is the ratio of two velocities. 
Another example is the operator 77/4 in the expression for the 
ea of a circle a = (7/4)d”. The operator gives the information 
nat the configuration is a circle. If the configuration were a 
quare this would be represented by giving the operator the value 
me. Thus one can generalize the equation for an area by intro- 
qcing a letter symbol o instead of a numerical operator. 
| eepresents what might be called a configuration measure and 
sae different values for different shapes of area. The general 
“wation for an area bounded by two lengths /, and /,, measured 
t vight angles to each other, is, in a coherent system of units 
Ore in which k = 1), 

a=o ] 1h 
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The numerical value of o has to be ascertained for each con- 
figuration. For a square, a circle and a sphere one can write 
1, = lL, = d and for these symmetrical shapes the above general 
equation takes the particular form 


a= od? (20) 


where the value of o is different for each configuration. 

Let the operator be left as a letter symbol for a short time 
while an equation in electrical work is being considered in which 
an area occurs. The expression for flux density D= Ja 
will serve. 

The force on unit charge, which is also called the field strength 
E, is given by 

E= Dje= PE /ae 


This equation holds for any configuration. If the field is 
uniformly divergent, as it is around a point charge, this area a 
is the surface of a sphere and one can replace this equation by 


E= VPiode 


Flux and the charge that gives rise to it are in constant pro- 
portion, which is expressed algebraically by 


Y = KkO (21) 


In a coherent system of units kK = 1 and the expression for field 
strength becomes 
E = Qjad7e (22) 


This equation holds for any coherent system of units but only for 
a uniformly divergent field. The numerical value to be given 
to o depends on the choice of unit for this configuration measure. 
By a convention that may be as old as civilization o = 1 when 
it characterizes a square. It is then equal to 7 when it charac- 
terizes a sphere. Inserting this value and substituting 2r for d 
in eqn. (22) gives 

E= Q/4nr’e (23) 


This is called the rationalized form of the equation for field 
strength. 

Heaviside pointed out that unit area might be defined in 
terms of the circle and not of the square. This would be done 
by choosing the unit value of the configuration measure o so 
that it was a rational quantity, preferably unity, when it charac- 
terized a circle. But there is no inherent reason why it need be 
unity. One might choose the unit for o such that it was 1/16 in 
eqn. (20) when this characterized a circle. It would then be 
1/47 when it characterized a square and 1/4 when it characterized 
a sphere. If one inserts this value in eqn. (22) and replaces d 
by r one arrives at 


E= Qlr’e (24) 


which is the unrationalized form of eqn. (23). Its historical 
derivation was not from an unconventional choice of unit 
configuration measure, but it can be obtained either by this 
choice or by putting k = 47 in eqn. (21). 

Thus it transpires that an unrationalized system of units and 
equations can be obtained either by abandoning the conventions 
of geometry and retaining a coherent system of units, or by 
retaining the conventions of geometry and abandoning the ideal 
of a coherent system of units. One can retain both only if one 
adopts rationalization. 


(6) CONCLUSION 


No scientific reasons have been found for excluding any 
independent variable from the category of dimensional quantity. 
The only modifications to the parent equation (6) that can be 
justified on scientific grounds are therefore omission of the factor 
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k and replacement, when possible, of the variables by their 
equivalent fundamental dimensions. Such replacement simplifies 
the equation to some extent and makes it easier to apply theory 
of dimensions to it, but the number of independent variables 
that cannot be expressed in terms of other quantities that occur 
in the same equation may be large. If one cannot find scientific 
reasons for their omission from dimensional equations, one is 
nevertheless justified in doing so arbitrarily, for there are practical 
reasons against their inclusion: they should be retained only 
when they help to serve the uses to which theory of dimensions 
is put. 

One reason for omitting certain quantities can best be illus- 
trated with the help of a rather far-fetched example. Suppose 
that some scientist had conducted all his experiments in mechanics 
with bodies of the same mass. He would then have no means 
of discovering what the index of M has to be in equations for 
force. He would think of mass, not as a variable, but as a 
constant—if he thought of it at all. In dimensional equations 
it would be only a nuisance and he would probably leave it out. 

Those who wanted to treat permittivity as dimensionless in 
the early days of electricity and magnetism were in a similar 
position. Their experiments with pith balls were conducted in 
a medium of constant permittivity, namely that of free space. 
Hence there was no advantage in treating permittivity as dimen- 
sional. But when the properties of dielectrics came to be studied 
intensively this quantity acquired a new importance. Although 
free space occupies a vast proportion of the universe, the small 
fraction of its volume in which permittivity varies occupies 
nowadays a substantial proportion of the scientist’s attention. 
That is why e can now figure usefully in dimensional equations. 

Those who conduct all their experiments with coils of one 
turn are similarly comparatively indifferent to N in eqn. (1). 
The results would be just the same if they gave it the index zero 
or left it out of their dimensional equations. In effect, those 
who argue for or against including turns among the dimensional 
quantities have nothing relevant to say about the nature of turns. 
But they do tell us something about the nature and scope of the 
experiments in which they are personally interested. Some pure 
physicists may find N a nuisance in dimensional equations, while 
others, who work with coils, may find it very useful there. 

The same holds for several other quantities which sometimes 
occur as independent variables. The only valid reason for 
excluding them from dimensional equations is that they do not 
vary often enough to justify their inclusion as a matter of routine. 
But on the occasions when they could serve a useful purpose they 
should not be excluded. The plane and solid angle advocated by 
Young!? are examples. It has also just been shown that con- 
fusion about rationalization might have been avoided if it had 
been appreciated that a configuration measure is an independent 
variable and may therefore be admitted on occasion to dimen- 
sional equations. 

Other quantities, however, can nearly always be safely ignored 
when work is done with dimensions. Among them the abstract 
quantity ratio has already been discussed; others include wagon 
loads, man-hours, meals served, pence, integration limits. If 
they were all included, dimensional equations would become 
cumbersome and many of them do not occur in the kind of work 
for which theory of dimensions can be used profitably. In short, 
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it is not scientific considerations but only considerations of | 
convenience which determine the contents of dimensional | 


equations. 


A definition ons convenience’ can hardly be found and it is 


better here to avoid the pedantry of definitions. It suffices to 
note that any independent variable may, if so desired, be admitted 
to the select circle of dimensional quantities. To qualify, it will 
nevertheless have to undergo certain initiation rites: 


have to receive a name and a letter symbol; its unit will have to 
be defined, and that, too, must receive a letter symbol; after this | 
it must prove that it can be a good servant to the scientist. | 


it will, 


/ 
\' 


f 


| 


Then, and only then, should it be promoted to dimensional status. | 
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(9) APPENDICES 
(9.1) Examples of Views of Different Schools about Dimensions 
The general form of equation to which the theory of dimensions 
fs applied is X = APBIC' DE! ., 


School Dimensional equivalent of A when A stands for 
i of : 
1 th ht i 
ous Velocity Mass Permittivity 
1 Tie! M « or derived, e.g. 
M-1L~-3T2Q2 
2) | peut M L*TYM?, where 
x, y, Z are un- 
known 
3 leet M Dimensionless 
4 id De! Minthe mechani-| « in the Giorgi 
cal system system 
L3T? in the astro- | Dimensioriless in 
nomical system the Gaussian 
7 system 
5 eae! L3T-2 in all Dimensionless in 
systems all systems 
6 L° when the | Depends on the operation by which 
operation by the quantity is measured and may 
which the velo- take the form L*. 
cityismeasured 
causes the velo- 
city of light to 
be unity. 
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(9.2) Alternative Systems of Units 


Take as basis the definition of field strength E = W/ae, where 
Y/a is the flux density. 


. 


Conventional Unconventional 


Quantity 


Coherent, 
unrationalized 


Not coherent, 
unrationalized 


Coherent, 
rationalized 


Y=Q 


Relation between 
flux and charge 
Area of circle .. Tr2 


4nr2 
Q/47r2e 


Area of sphere 

Field strength E 
round a point 
charge 


* Not coherent. + Unconventional. 


An unrationalized system requires that one sacrifice either 
coherence or convention. In other words, an unrationalized 


system can be coherent only if expressions for areas are 
unrationalized. 


DISCUSSION BEFORE THE INSTITUTION, 29TH NOVEMBER, 1956 


_ Prof. E. Bradshaw: After having at last agreed on a single and 
iitraightforward system of units, some may regret the reopening 
pf controversial matters about which opinions are, and will 
Houbtless remain, divided. It is, however, important to empha- 
1ize two points: first, the marginal topics discussed in the paper 
Ho not in any way affect the validity or usefulness of the M.K.S. 
jystem of units; second, for many, interest in such discussions 
nas been aroused and made possible by the use of the M.K.S. 
jystem, and the fact that we now use substantially the same 
ianguage has helped to focus attention on certain philosophical 
»bscurities of the subject. 

_ Because the everyday use of the M.K.S. system is simple and 
jtraightforward, discussion should not be discouraged on matters 
bout which doubts are sincerely and strongly held. Among 
such discussions are the present paper and the recent contributions 
ia the Journal by Prof. Cullwick and others. 

The author has made a good case for the admission of more 
4imensions than are commonly thought to be necessary. Whether 
nore than four, the generally accepted number for work in 
ilectromagnetism, can usefully be employed is a matter of 
personal preference and convenience. There would seem to be 


. case, however, for putting any further aspirants for dimensional 


‘ecOgnition in some sort of order of precedence. Two which 
eem to me to have the greatest claim are dimensions which can 
ve used to extend the basic concept of length to 3-dimensional 
‘pace. From time to time it has been suggested that L,, L,, L,, 
x L together with plane and solid angle, could be admitted. For 
©2ay purposes there seems to be considerable value in such an 
ension. As an illustration, the dimensions of resistivity, 
Ri, are more informative if given as RL,L,/L,. The latter 
#428 point to the concept of resistivity as the resistance of a cell 
f depth L,, and of square plan L, x L,—a concept much used in 
wd mapping. The quotient L,/L, is related to the ratio s 


referred to by the author, but the ratio L,/L, seems to rank 
higher than that of two lengths of the same kind, as in strain. 
Even admitting that there is some case for the recognition of 
ratio s, would it not be better to write A/A, A'~! or A to 
represent this secondary or auxiliary dimension? 

The author suggests recourse to experiment for checking the 
correctness of indices. It is easy to visualize such a check for 
eqn. (14), but not so easy for eqn. (17). 

Prof. H. Dingle: Eqn. (6) is far from being the most general 
to which the theory of dimensions can apply. It does not 
include such equations as N = Noé~*, s = ut + 4/17, or others 
still further outside it. 

A distinction should be drawn between so-called ‘changes of 
unit’? which involve merely an arithmetical operation (e.g. from 
the centimetre to the metre) and those which involve different 
physical instruments (e.g. from the centimetre to the inch). The 
standard yard is slowly changing relatively to the standard 
metre, and the change is important on the astronomical 
scale. 

Prof. Kapp speaks of ‘replacing’ the algebraic equation (6) by 
a dimensional equation; but they are essentially different: the 
one represents a physical relation, the other the processes of 
measurement used in obtaining it. Thus, to the algebraic 
equation, v = u + ft, there corresponds the dimensional equa- 
tion, LT~! = LT~! + LT~?T, which would be consistent with 
v being the velocity of light, w that of sound, f the initial accelera- 
tion of the Derby winner, and ¢ the duration of this meeting. 
Hence Planck’s proposed dimensions for mass cannot be “proved 
wrong’ by experiment: only a physical relation can be so dis- 
credited. With Planck’s dimensions the gravitational constant 
does not arise; hence the ‘crude error’ involved in dismissing it 
is Prof. Kapp’s for introducing it. 


There is no essential difference between s and k. Eqn. (6) 
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may be written k = X/A?BIC’D*°E', and this is just as much 
independent of units as s = /;/h. 

I have not to my knowledge attached the significance to a 
vacuum which Prof. Kapp implies. 

Prof. A. L. Cullen: The view that the ratio of dimensionally 
identical quantities should itself be regarded as a dimensional 
quantity is difficult to support, particularly if, as Prof. Bradshaw 
suggested earlier, we make a dimensional distinction between 
lengths measured in different directions. 

The question whether the unit of permeability should include 
some reference to the number of turns on a coil has been men- 
tioned. The suggestion has been made, and is widely supported, 
that the unit of permeability in the rationalized M.K.S. system 
should be given as the henry per metre-turn-squared. This seems 
to put permeability on quite a different footing from conductivity 
and permittivity, which are the two other constants of a material 
medium. 

There is, of course, a fundamental difference between electric 
and magnetic fields, but on the other hand there is also a fairly 
close formal correspondence between many of the equations 
relating to these things. Suppose we take a metre cube of free 
space and fill it up with plates connected in such a way that the 
individual condenser cells are all in parallel. The total capaci- 
tance will then be proportional to the square of the number of 
cells, and by analogy with the unit of permeability mentioned 
above the unit of permittivity would be the farad per metre-cell- 
squared. It is easy to see that this argument could also be 
extended to conductivity. 

I do not advocate the inclusion or omission of turns-squared 
or cells-squared; I wish only to draw attention to the fact that 
the technical trick for increasing the inductance of a coil has its 
dual in a trick for increasing the capacitance of a condenser and 
permeability should not be made to appear unique in this respect. 

Dr. F. T. Chapman: I will illustrate my own idea of dimensions 
by reference to the gravitational constant. If the position of an 
isolated body in free space is represented by a point A, and if P 
is a point distant r from A, then, because of the gravitational field, 
any body at P would experience an acceleration fin the direction 
PA and f would vary inversely as r?, so that fr? is constant. Ifa 
number of different bodies were placed successively at A, the 
law of acceleration would be found to be the same; but for each 
body there would be a characteristic value of fr? and we use this 
value to define the mass of the corresponding body, using the 
equation m = /fr?. From this equation we can abstract the 
dimensional equation M = L3T~?, but it is important to realize 
that in this process of abstraction all physical meaning has been 
left behind and the new equation merely tells how the size of the 
unit of mass is related to the sizes of the units employed in 
measuring fand r. If these units were the metre and the second 
the unit of mass would be about 1-5 x 10!%kg; if we wished to 
express the mass, 7m’, of a body in kilogrammes we should find 
m > fr’, and in order to balance the equation arithmetically 
we must write Gm’ = fr?, where G would be the small number 
0-667 x 10-!° in the M.K.S. system. The number G has 
nothing to do with the laws of the universe; its presence in the 
equation and its magnitude are determined by the laws. of 
arithmetic, and it is put there because some number other than 
unity is required by the system of units employed. On this view, 
therefore, the question whether G can be unity seems meaningless. 
Every system of units which includes an arbitrary unit of mass 
has its own unique value of G. 

Since the engineer does not need, or does not wish, to use a 
unit of mass derived from the law of gravitation, he can discard 
G altogether and use an arbitrary unit of mass, with his (already 
arbitrary) units of length and time, as a basic unit. 

In electrical science the unit of force, the dyne or the newton, 
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is derived directly from the arbitrary units of /, mand rt. In the | 
C.G:S. electromagnetic system the unit of current can be derived ) 
from the equation F(dyne) = 2/?(abampere), but in the 
unrationalized M.K.S. system, in order to accommodate the ( 
ampere to the newton, the equation must include an arithmetical | 
factor commonly written fo; thus F (newton) = bo X Zia i 
(ampere). This factor jo is similar in origin and purpose to! 
G, but it cannot be discarded by electrical engineers when work- |) 
ing in the M.K.S. system, since it appears in many important’ 
expressions, e.g. B/H (free space) = fo. Its dimensions are) 
LMT~2J~2, but it has, like G, no physical significance. | 

Dr. G. Burniston Brown: We can get some interesting results | 
from dimensions by defining the dimension of a quantity as a | 
symbol representing the operation of measurement, so that the | 
complete formulation is a number, first of all (which we get by | 
counting), the symbol for the operation, and an index. The} 
index tells us what has happened in the equation for the quantity | 
we are measuring—whether we divide or multiply. We may, 
for instance, measure two lengths, but in the formula for the | 
CHANEY we may have divided them. This can be represented 
by L®. 

Prof. Kapp thinks that in this system everything cancels out, | 
because, for example, he says that a length is the ratio of the | 
body to the standard. But suppose 10Z represents the measure- 
ment of 10yd. The representation of the standard is 1 and not 
1L, because we do not measure the standard. The standard is | 


there by definition. 

I agree that it is a matter of convenience what dimensions we 
take. For some purposes we need L,, L, and L,, and certainly in| 
engineering we need M. We cannot do without it by expressing 
it in terms of L and T, as Maxwell and Kelvin both suggested 
long ago. But taking M = L?T~? throws some interesting light 
on certain relations in physics. We can get W = Mc? (energy 
is mass multiplied by velocity of light squared) and we can also 
throw light on the fact that when we measure the same quantity 
in the two systems, electrostatic and electromagnetic, the ratio’ 
is always a power of c. That is what interested me in developing ' 
dimensions along these lines, but when students tackle questions - 
in examination papers, I tell them to forget it and put in M. 

Finally, | agree with Prof. Dingle’s attack. It is not algebra, | 
and consequently inferences from algebra have no relevance here. | 
L® is not 1, and G! = 1 = G® is just not true in my system, nor, | 
I should imagine, in Planck’s either. 

Mr. D. Connelly: From the discussion so far it appears that 
two interpretations of ‘dimensions’ are being used without’ 
specific definition. Some people take dimensional equations to’ 
be a question of size, while others take them as the relationship | 
between physical quantities independently of size. These two 
interpretations seem to account for much of the differences of 
opinion expressed. For those who, like myself, consider dimen- 
sional equations as the relationship of physical quantities, I 
would suggest that the term ‘functional equation’ would be a 
more descriptive term. 

In Section 3.3 Prof. Kapp suggests that a ratio such as repre- 
sents strain is somewhat of an encumbrance in the dimensional 
(functional) equation, and can be omitted. It appears to me that 
the omission of such a ratio is justified only when the quantities 
of which the ratio is composed are known. Ifa factor occurs in 
an equation which is a ratio of like quantities, but is not recog- 
nized as such, it is desirable that it should be retained. As an 
example, the quantity N in Nd®/dt is the ratio of the total linkage 
area of a circuit to the linkage area of one loop of the circuit. It 
is erroneously considered to be equal to the number of ‘turns’ 
of a coil, although it must be admitted that from the practical 
point of view the error is negligible. Its inclusion i in, or omis- 
sion from, equations will be dependent upon the appreciation 
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sor otherwise of its significance. This point is of interest in 
relation to the introductory remarks in the paper. 

A similar argument applies to permittivity and permeability, 
éboth of which are ratios of like quantities, the nature of which is 
mot easily defined, and both of which are by general consent 
wetained in dimensional equations. 

I was surprised to find that little mention was made in the paper 
tof the possibility in dimensional equations of differentiation 
ee the three directions in space (x, y, and z-axes). Much 
suseful work on this aspect of dimensional analysis is given in 
fHuntley’s book on the subject. 

The failure to recognize spatial differences in the majority of 
1. ee on dimensional analysis is a severe limitation to its 
ossible application and may account for the fact that the 
(physicists appear to ignore it. They frequently do not even 
Soother to balance their equations dimensionally, as, for instance, 
ain the expression for ‘fine-structure constant’ which is a ratio of 
two actions and is a pure number but appears dimensionally as 
‘the primary electric constant. The ionization potential of the 
‘hydrogen atom proves similarly to be dimensionally incorrect. 

The physicist has substituted the processes of vector analysis 

‘for dimensional analysis, since the former deals more satisfac- 
<torily with spatial relationships, and it would appear desirable to 
‘integrate the vector analysis and dimensional analysis methods to 
cmake them of greater use in investigation of physical phenomena. 
it is very questionable whether mass, length and time should be 
sconsidered as fundamental quantities, and I would suggest that 
ie development of dimensional analysis might well occur 
‘6y consideration of ‘action’ (Planck’s constant), ‘velocity’ and 
s“space-time’ as the fundamentals. 
An interesting conclusion which develops from this treatment 
sis that the expansion of the universe is more apparent than real; 
(in fact, that the universe does not expand—a conclusion which 
Jhad already been reached by some astronomers. 

Mr. C. J. Carpenter: In everyday applications of dimensional 

itheory the rather casual use in algebraic equations of symbols 
‘that are supposed to represent something other than numbers 
é(e.g. Section 3.1) is entirely justified by its results. Nevertheless, 
\without a clear and specific definition of ‘dimension’ it is hardly 
isurprising that there is so much scope for differences of opinion. 
iIn fact, algebraic equations, dimensional or otherwise, can be 
jinterpreted only when the symbols’stand for numbers—a point 
semphasized by Bridgman” in his classic exposition of dimensional 
itheory. This requirement appears to be frequently overlooked, 
/although it is very relevant to any discussion of fundamentals— 
_as is clear when such questions as the dimensions of a ratio (i.e. a 
| number) come under discussion (Section 3.3). A precise numeric 
basis for the theory is discussed by Bridgman,* and essentially 
|the same method has been developed by O’Rahilly.t Focken{ 
{accepts its ‘logical superiority and simplicity’. 
Lack of space prevents detailed discussion of either the method 
\or its application to the points raised in the paper. However, 
ivery briefly, a length (for example) may be expressed by the 
numbers /, and /, in two different systems of units, e.g. /, in, /, cm. 
'The dimension (O’Rahilly’s ‘measure-ratio’, Bridgman’s ‘change- 
ratio’) of length is defined as L =/,/,. Here L, like /, and h, 
:stands for a number and nothing else, and its value is independent 
of the length being measured; it is a function of the units only 
(Section 4.1). 

Defining, similarly, the dimension of time, T, the dimension 
2 velocity becomes V = L/T and the algebra and applications 
© dimensional analysis proceed in the normal way. But the sole 
Paysical significance of such a dimensional equation is that (here) 

aly two of the three dimensions may be chosen arbitrarily, unless 


* BripGcMan, P. W.: ‘Dimensional Analysis’ (Yale University Press, aes, p. 29. 
* O’RAHILLY, A.: ‘Electromagnetics’ (Longmans, Green, London, 193 8). 
= Focxen, C. M.: Ref. 15 of the paper, p. 58. 
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a constant (i.e. dimensional constant) is introduced. The purpose 
of such constants is to enable one to choose all the other dimen- 
sions arbitrarily, e.g. the introduction of €g and j1p in the M.K.S. 
system, and they have no other significance (Sections 4.1 and 
4.4, 6). In terms of this theory there is no doubt about what is 
meant by T?, T? or L/T (Section 3.2). The claim that any quantity 
is dimensionless (a measure ratio of unity) cannot possibly be 
proved or disproved. 

Regarding Section 5, it appears to be now generally agreed 
that the field concept is not essential to electromagnetism; yet 
the question of rationalization arises only when flux is introduced. 
Prof. Kapp’s system of units is coherent only in the sense that 
k = 1 in eqn. (21) instead of in the inverse square law—a wholly 
arbitrary choice. 

Mr. G. Knott: Physical theory starts from certain definitions 
and unit quantities, and when we find that some of these are 
related we can economize in the number of essentially funda- 
mental quantities. The importance of dimensional theory is 
that it recognizes relationships between basically different quanti- 
ties such as velocity, length and time as in the equation, 
V=LT~—!. The confusion in dimensional theory which has 
been brought out in the discussion is symptomatic of the deeper 
confusion in physical theory. When this is cleared up the 
dimensional difficulties will disappear. 

I hold the view that charge is dimensionally equivalent to 
mass; this is not to say that charge and mass are identical, but 
that the role of charge in electrical equations should be recognized 
as the same as that of mass in mechanics. This, of course, is 
suggested by the formal equivalence of the law of gravitation 
and Coulomb’s law of attraction between charged particles, but 
the real proof of a connection between charge and mass is found 
in the constancy of the ratio between charge and mass in the 
fundamental particles. If there were no connection we should 
expect this ratio to depend on the conditions of the experiment. 

We can recognize this connection by a simple extension o1 
Newton’s first law. Thus, electric force can be defined in the 
same way as mechanical force by saying that ‘a charged particle 
continues in a state of rest, etc., unless acted on by an electric 
force’. Quantitatively, electric force is rate of change of electric 
momentum or F, = d(eV)/dt. This extension of Newton’s 
second law will be recognized as Faraday’s law of induction. 
These extensions of Newton’s laws put electrical theory on the 
same footing as mechanics. The two subjects are then linked 
by dimensionless ratios e/m. 

Mr. P. A. Newson: When applying dimensional considerations 
to physical relationships, care must be taken that all possible 
variables are included, and not merely those whose variation it is 
intended to study. What quantities may be employed as our 
fundamental dimensions is, to my mind, governed by our system 
of primary definitions. These definitions must be logical and 
consistent, and must distinguish between ‘fundamental’ and 
‘derived’ quantities. As soon as a quantity is capable of being 
defined in terms of other, assumed to be more fundamental, 
quantities, it ceases to be available for use as a dimension. These 
considerations seem to take care of all cases. 

One should, I feel, be wary of extending arguments based on 
difficulties of astronomical theory to ordinary scientific work of 
the type in which the method of dimension is useful; I am quite 
sure our knowledge of astronomical conditions must be insuffi- 
ciently precise. 

I cannot agree with the implication that, because e/m is con- 
stant, it is a constant, i.e. a pure number. There is no warranty 
for supposing that charge is of the same nature as mass: for all 
we know each may be definable in terms of some—as yet unknown 
—more fundamental quantities. At the moment, however, both 
e and m rank as equally fundamental. 


208 


The cavity experiment has been mentioned, and has apparently 
given rise to confusion or distress in minds greater than mine. I 
cannot help feeling that both the rod-shaped and the disc-shaped 
cavities should be treated as special cases of a general cavity, 
although I have never seen it done. 

One might describe the method of dimensions as a systematic 
check of whether our measurements (expressed in equations) 
are, in fact, consistent with our primary definitions. Which 
is regarded as cause, and which as effect, depends on the 
circumstances. 

Mr. R. L. Russell (communicated): 1 agree that much of the 
difficulty arises from the different meanings attached to the 
word ‘dimensions’, but I believe that the most prolific source of 
heresy in these matters arises from the false status traditionally 
assigned to them and a confusion between dimensions and units. 
By ‘dimension’, as I understand it, is meant a physical concept, 
and it need have nothing whatever to do with size, scale or 
measurement. 

Starting with the generally accepted fundamental concepts of 
mass, length and time, to go on and say that force has the dimen- 
sions of MLT~? is to present Newton’s law in succinct form. 
The statement that the dimensions of energy are ML*T~? con- 
tains within it the essence of what is understood by work in 
terms of the product of force and distance. In short, the 
assembly of symbols ordinarily quoted as the dimensions of a 
physical concept is a precise statement, in a very compact form, 
of its definition and origin. There is thus nothing preordained 
about the dimensions of a physical quantity. They are neither 
more nor less defective than the logical structure from which they 
arise, and all that is inevitable is that they faithfully reflect their 
origins—errors and misconceptions, even algebraic mistakes, 
included. 

Different assumptions lead to different conclusions, and it 
would be surprising if this were not so. Who can say that force 
must be defined as MLT~? and that it is wrong to define it as 
M?L~2 from the gravitational law? What can be condemned 
is the practice of doing both and then expressing surprise at 
conflicting results obtained. There is no absolute right or 
wrong about dimensions. They rest fairly and squarely on a 
system of fact and argument, and before comparisons are worth 
making, the determining principles must be clearly and fairly 
understood. All that is required for the concept of configuration 
measure to be adopted, for example, is for most people to agree 
that it is a good thing. Those who think differently cannot 
complain: it is sufficient for them to know what has happened. 

At no stage in these and similar arguments is it essential or even 
desirable to discuss unit sizes or methods of measurement, and 
the temptation to do so should be avoided. Many student 
difficulties, and some of the errors mentioned in the paper, arise 
from a confusion of thought in this respect. 

Mr. I. L. Stefani (communicated): Length may be termed a 
fundamental magnitude because it is conceived as being obtained 
from an arbitrary unit with which other lengths are directly 
compared, the comparison being expressed in terms of a unique 
cardinal number. Although the nature of length can be included 
in a symbolic representation, the symbol will not readily fit into 
a dimensional equation unless it forms part of a ratio. 

For a derived unit, such as area, the equation connecting it 
with the length units will be found to be a relationship between 
ratios of areas and ratios of lengths. Attempts to define unit 
area as a kind of symbolic product of two lengths are unsatis- 
factory, since it remains to’ show that such definitions are 
compatible with physical requirements. In short, symbols do 
not represent the nature of a quantity other than those aspects 
of its nature which constitute its amenity to measurement. 

Increase in the size of a unit reduces the measure by the same 
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factor, so that measure may be said to be contravariant with | 
respect to changes of unit. The best way of regarding A = 2 
and V = LT~! is to suppose that the former expresses a double) 
contravariance of the measure of an area with respect to changes i 
in the length unit, and the latter, contravariance with respect to 
length and covariance with respect to time. | 
A discovery connecting known quantities in a new manner | 
which upsets the dimensional homogeneity must either be pre-| 
vented from having dimensional significance or corrected by | 
means of a dimensional constant. Certain derived quantities) 
may eventually be conceived as fundamental magnitudes in 
their own right. This choice is perfectly arbitrary, but the) 
change may introduce other dimensional constants. | 
Finally, in the equation F = Q,Q,/cer?, € is a permittivity) 
and cannot have dimensions; c is a scale constant and may or 
may not have dimensions according to the views of the user. — f 
Mr. L. Young (United States: communicated): Every physical | 
quantity must be defined by one of two alternative methods, 
namely in terms of an arbitrary unit by direct comparison, or 
in terms of other quantities by some arbitrary process. If the 
former, it is referred to as a fundamental (or primary) quantity; | 
if the latter, as a derived (or secondary) quantity. For a derived 
quantity the definition takes the form of an equation and involv 
an arbitrary constant of proportionality. It is largely a matter 
of choice whether we decide to take a given physical quantity as 
fundamental or derived. However, there is a minimum numba 
of fundamental quantities less than which we cannot have. In 
mechanics there are three, in electromagnetism there is also a 
fourth. The unit of a derived quantity changes whenever we 
change the units of the fundamental quantities on which it | 
depends through its defining equation, and whenever we change | 
the constant of proportionality in that equation. The equations. 
do not change with the fundamental units, but only with the 
constants of proportionality. 7 
I agree with the last two paragraphs of Section 3.3, and the 
last two paragraphs of Section 6. In a paper soon to be pub-) 
lished* a specific example is given of two secondary dimensions | 
which can be ‘put to work’ for us. The two constants S and’ 
U are constants of proportionality which appear in Maxwell’s | 
equations, and owe their dimensional status to this fact. They» 
qualify because they have undergone the ‘initiation rites’ men- | 
tioned in the last paragraph of the paper. They greatly facilitate 
the conversion between equations and units of different systems, | 
and they are associated with solid angle, S, and plane angle, U, 
thus being supplied with a definition and a name as well. They 
may accordingly be included on those occasions when they can 
serve a useful purpose. ' 
In Section 4.4 it is stated that the correctness of eqn. (6) is 
subject to experimental confirmation. Egn. (6) is the result of a 
definition, or chain of definitions, defining the physical quantity 
X in terms of other physical quantities (X is not defined else- 
where). The usefulness of the quantity defined is indeed subject 
to experience, but the definition itself does not require experi- 
mental confirmation. This, of course, does not invalidate the 
author’s main argument. 
Prof. R. O. Kapp (in reply): Dimensional theory is so simple 
a subject that ‘theory’ seems rather too pretentious a word 
for it: everything relevant to the subject can easily be under- 
stood by a sixth-form schoolboy. If I had set out to instruct 
my colleagues in the nature and use of dimensional equations, 
my paper would have been both meagre and unnecessary. 
The subject gives no trouble to those who use dimensions 


: 


.every day as a means of checking their algebra. But this handy 


algebraic device has got into an unhealthy state. 1 cannot think 


* YOounG, L.: ‘Electrical Units and Dimensions’, Tra. ti i Bis 
Paper No. 56-984 (to be published). » PransacHlons Gf the Auer 


t See also the two letters in Journal I.E.E., 1955, 1, p. 652, and 1956, 2, p. 2083 


yf any other subject in physics, major or minor, about which 
me could list six mutually exclusive and warring schools. Such 
3, situation calls first for diagnosis and then for the surgeon’s knife, 
(dence the paper. The discussion has only confirmed the need. 
A charitable diagnosis is that the various schools give different 
meanings to the word ‘dimension’. The illustrations in the 
waper are all algebraic, and I have explained that dimensional 
»quations must conform to the rules of algebra. Therewith I 
sive the word ‘dimension’ meaning No. 1—an algebraical one; 
.o do many others who have contributed to the discussion. But 
>rof. Dingle denies that a dimensional equation represents the 
cind of relation that is expressed algebraically, and contends 
‘hat the word represents the process of measurement used in 
»btaining a physical relation: this is meaning No. 2. Dr. 
Surniston Brown claims to use the word with the same meaning. 
“or Dr. Knott, on the other hand, a dimensional equation is one 
which embodies information about specific numerical values: he 
slaims to derive from such an equation the ratio of the charge to 
(he mass of an electron, and this is meaning No. 3. Such being 
the situation, what is said in the paper must seem to these gentle- 
men as irrelevant to the subject as what they say seems to me. 
Those for whom dimensional equations need not obey the rules 
of algebra will not be influenced by the examples of algebraic 
thowlers’ I quote. The reason for these various interpretations 
aay lie in the choice of the word ‘dimension’ for what was used 
ny the originators of the subject in a purely algebraic sense. This 
‘e-em has the unfortunate connotation of something to do with 
teasurement, in accordance with meaning No. 2, or with magni- 
sudes, in accordance with meaning No. 3. It would not be the 
irst time that the evocative nature of a word had misled people. 

The above diagnosis, however, may not be the true one. Those 
vho adopt meanings Nos. 2 and 3 use letter symbols; and I do 
ot see how the letter .L can be put on paper to represent a 
iength in such a way as to embody information about the process 
»y which the length has been measured. Nor do I see how the 
yxpression e/m can, without further explanation in words, 
smbody the information that the ratio of the charge to the mass 
pf the specific body—an electron—is constant, as Dr. Knott 
Jaims it does: e might be any charge and m the mass of any 
ody, and the ratio might be constant or variable according to 
sircumstances. These reflections lead me to the less charitable 
view that those who absolve dimensional equations from the need 
»f conforming to the rules of algebra do not properly understand 
he meaning and purpose of letter symbols. They have not fully 
\ppreciated that one chooses such letters as L, e, or m instead of 
uumbers just because one wants to make a statement that is 
independent both of the process by which the quantities have 
een measured and of the specific value that could be given to 
the quantity in a particular instance. But whatever the diagnosis 
inay be, the various schools are mutually exclusive, and some 
inust be based on mistakes. 

Among the contributions to the discussion that are relevant 
0 an algebraic understanding of dimensional equations I welcome 
those by Professors Bradshaw and Cullen. I agree with the 
sormer that, when measured in different directions, length can 
»ften usefully be distinguished dimensionally, and I find his 
“pplication to resistivity particularly cogent. I also find Prof. 
Cullen’s comparison of turns in series for an inductor with 
sells in parallel for a capacitor helpful. It is an excellent way 
» clarifying the vexed question whether one ought to dis- 
inguish between permeance and permeability by both name and 
liziensions. ‘That the M.K.S. unit for permeance is the henry 
»e¢ metre seems to be generally agreed, and so permeance has its 
act counterpart in permittivity. But in any given circuit the 
au Nerical ratio between permeance and permeability depends on 
‘xe number of turns in the circuit. With the help of Prof. Cullen’s 


KAPP: DIFFERENCES OF OPINION ABOUT DIMENSIONS: DISCUSSION 


209 


illustration it becomes clear that the electrostatic counterpart 
for permeability is a property that depends on the number of 
cells, one for which no specific name has been found or hitherto 
needed. Permeance defines a property of the medium and 
permeability a property of the circuit; permittivity is used indis- 
criminately for the corresponding properties both of the medium 
and of the circuit. Electrical power engineers are more usually 
interested in the circuit and rightly speak of permeability. Con- 
fusion would be avoided if permeance were used when one is 
concerned with the medium, as in waveguides. 

Prof. Dingle’s remark that the standard yard is slowly 
changing relatively to the standard metre baffles me. The 
British Standards Institution and the American Standards 
Association have defined the yard as 0:9144 metre exactly. I 
do not understand what Prof. Dingle means when he draws a 
distinction between the conversion from the centimetre to the 
metre, with a factor of 10? exactly, and that from the centimetre 
to the inch, with a factor of 2:54 exactly. I am sure that he 
does not attach a mystical significance to powers of the 
number 10, and could wish that he had so expressed himself 
as to avoid that impression. Prof. Dingle says truly enough 
that Planck’s proposed dimension for mass cannot be proved 
wrong by: experiment. Of course not: it is proved wrong by 
algebra. To Prof. Dingle’s remark that k in eqn. (6) is inde- 
pendent of units I can only answer that he is mistaken. If 
the system of units is coherent, k is unity; if the system is not 
coherent, there is no limit to the different values that k may have. 

Dr. Chapman takes the algebraic view, and I fully agree with 
his views on acceleration. But I think the value of this is really 
that it illustrates my remarks in Section 6 to the effect that a 
person would have no reason to include mass in his dimensional 
equations if he conducted all his experiments with bodies of the 
same mass. The astronomical measurements to which Dr. 
Chapman refers are all concerned with force per unit mass, i.e. 
acceleration, and this is why their algebraic representation does 
not call for a symbol for the mass of the accelerated bodies. 
But when one is making experiments with weights and spring 
balances one is not measuring the effect exercised by unit, but 
by total, mass. Then the symbol M has to be introduced. In 
Dr. Chapman’s astronomical observations the compound symbol 
GM is needed. This represents gravitational, not inertial, mass. 
Confusion would be avoided if the dimensional distinction 
between the two were recognized. 

I should like to refer Mr. Carpenter to Section 9.2, where he 
will see that the rationalized system is coherent in a more real 
sense than is generally appreciated. Messrs. Newson and Russell 
take the algebraic view of dimensions, and I agree with both 
when they point to the danger of confusing dimensions with 
units. But when Mr. Russell suggests that one could ever 
justify ML~2 as the dimensions of force, I disagree. One cannot 
define force in terms of kilogrammes mass per square metre. Mr. 
Stefani reasserts the view that € cannot have dimensions—a view 
that part of my paper was designed to refute. I fear that reitera- 
tion has given to this view a certain hypnotic effect. To confirm 
or refute it calls for argument, not assertion. 

I agree wholeheartedly with Mr. Young and welcome his 
proposal to give dimensional status on occasion to solid and plane 
angle. Iam also glad to note his insistence that a definition does 
not require experimental verification. Would that this were more 
generally appreciated. Mr. Young reminds us that dimensions 
are no more than a means of defining physical quantities in 
algebraic terms. Perhaps the true diagnosis of the disease that 
has assailed the theory of dimensions is that this simple fact has 
not been appreciated. A definition cannot be found by making 
measurements or by conducting experiments—it can be found 
only by taking thought. 


621.396.11.029.62 


LONG-DISTANCE PROPAGATION AT 94-35Mc/s OVER THE NORTH SEA 


By R. A. ROWDEN, B.Sc.(Eng.), Member, and J. W. STARK. 
(The paper was first received 26th October, 1956, and in revised form \st January, 1957.) 


SUMMARY 


A series of v.h.f. measurements over long sea paths was made over 
a period of 15 months. The results suggest that, in general, higher 
field strengths are reached for a given percentage of the overall time 
than in the case of over-land paths. 


(1) INTRODUCTION 


During recent years v.h.f. propagation over land paths of 
considerable length has been extensively investigated in several 
countries. To obtain corresponding data over an all-sea path, 
experiments were conducted by the B.B.C. Research Department 
with the co-operation of the Netherlands Postal and Telecom- 
munications Services during the period from the Ist July, 1954, 
to the 30th September, 1955. 

Although the work was primarily a contribution to C.C.LR. 
Study Programme* No. 55, the results are likely to be of par- 
ticular importance to broadcasting authorities concerned with the 
problems of frequency-channel sharing, e.g. between the United 
Kingdom and European countries bordering on the North Sea. 

Widely different weather conditions were experienced during 
the experiments. The summer of 1954 was dominated by fre- 
quent and active depressions, and was followed by a mainly 
cyclonic winter. During the summer of 1955, however, anti- 
cyclonic weather was more in evidence and the whole period 
thus included all the conditions normally experienced in this 
latitude. 


(2) TRANSMITTING AND RECEIVING ARRANGEMENTS 


Transmissions at 94-35Mc/s were provided from the Nether- 
lands coastal site at Scheveningen, near The Hague (52° 06’ N, 
04° 16’ E). The maximum effective radiated power was 2:7kW 
at 320°E of N (true) and horizontal polarization was used, the 
aerial being 193ft above sea level. 

Stable crystal-controlled double-superheterodyne receivers 
were installed at the five coastal sites shown in Table 1. Each 
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Fig. 1.—Map showing sites. 


Table 1 
RECEIVING-SITE DETAILS 


¥ ; : Bearing of site 
Site rich spate ay mi eee ee Latitude Longitude 
(true) 
miles ft deg 
Happisburgh, Norfolk & Ae Bes 123 50 295 52° 49’ 42” N O12 31733448 
Flamborough Head, Yorkshire ae oe 227 150 309 54° 07’ 39” N 00° 05’ 40” W 
Newton-by-the-Sea, Northumberland ack 338 70 317 2 a Slei06/ Ni OME OSS Vi 
Bridge of Don, Aberdeenshire 5 ae 429 30 326 37> 10°40" WN; 02° 05’ 00” W 
Lerwick, Shetland Islands .. a: oe 591 300 342 60° 08’ 00’ N 01° 10’ 20” W 


receiver had a bandwidth of +40kc/s at the 3dB points, wide 
enough to allow for slight drift of the transmitter frequency, and 


* Documents of the C.C.I.R. VIIth Plenary Assembly, London, 1953, Vol. 1, pao2l. 


_ Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
Mr. Rowden and Mr. Stark are in the B.B.C. Research Department. 


after detection subsequent to the second i.f. stage the output was 
fed to a recording milliammeter, the chart speed being 3in/hour. 
Three-element Yagi aerials were mounted hoirzontally 30ft above 
the ground level at each site and were directed towards the 
transmitter. 


The five receiving sites (Fig. 1) were located within 3000ft of 
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: Valid-record| Free-space | Minimum 
Curve Receiver days* fiel Focorditig 
: Yo dB dB 
(a) Happisburgh a 927 61:0 —3-0 
(b) Flamborough Head 93°5 55°6 —2:0 
(c) Newton-by-the-Sea 92-7 S25)? —1-0 
(d) Bridge of Don O93 50:1 —5-0 
Lerwick 95-0 47-3 +0-5 
* Percentage of a total of 427 possible days. 
the sea in a direct line towards the transmitter and without any 
interfering obstructions between the aerials and the sea horizon. me 
Care was also taken to choose sites likely to be free from local N ae 
interference. S ° | 
30P a 
SSS 
(3) RESULTS . £ 25| 4 OVERSEA 01% 
Records of field strength were made daily from 0900 to a a SONS ° | Ce EIS: 
: : 0 + OL 
2300 hours G.M.T., this 14-hour period being chosen as fe) ; 5 | 
embracing the normal hours of television and v.h.f. sound broad- w a Secs cali | 1 
casting. In the analysis of the results due account was taken of ae ernie ie Sica Tot ical 
any periods when either the transmitting or receiving equipment PHN toon aoa ea Santas +—+ 4 
was not functioning correctly. The field strengths quoted in the @ ob J See OVERSEA I% |__| 
paper are given in decibels relative to one microvolt per metre, re el | aa ke = | ji a ves 
normalized for an effective radiated power of 1kW, allowance 9 - aS fas | 
being made for the directivity of the transmitting aerial in the rire | AN Poa “+CCIR (LONDON 1953) 
hori & -15}-—+ = | 1% 30-200 Mc/s — 
orizontal plane. i ie 
Fig. 2 presents the analysis of the results from all the receiving 9-29 SI 1CCIR(LONDON 1953) — 
sites in terms of the field strengths exceeded for a given percentage a -25 Cs sO COME a 
©? the overall time. It will be seen that at the three most distant =e | AVERSEA iGo ee 
- . . Or) 
<izes—Newton-by-the-Sea, Bridge of Don and Lerwick—the | 94-35Mc/s 
Ess F -35 : t 
minimum observable signal was exceeded for only 2:5, 0°8 and | 
: : -40 I it L 
0 - 65% of the total time respectively. “300 g00. 300 400. 500. 600. 700 600 900 1000 


Fig. 3 shows the field strengths exceeded for 0:1, 1 and 10% 
© the valid recording time plotted against distance from the 
transmitter, The 1°% values were extrapolated from the Bridge 


DISTANCE FROM TRANSMITTER, km 


Fig. 3.—Variation of 0:1, 1 and 10% field-strength values with 
distance. 
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of Don and Lerwick sites. Only 12 points were available for 
drawing the three curves, and an adaptation of the least-squares 
technique was used in order that the best fitting curves might be 
obtained. This process involved drawing a parabola through 
the rather widely scattered values and may have made some 
allowance for local receiving-site variations. 

Comparison of the 1% and 10% values in Fig. 3 with the 
existing C.C.I.R. curves for over-land v.h.f. propagation* shows 
a definite tendency for the over-sea values to be higher. The 
field strength exceeded for 1% of the total time of the investiga- 
tion shows an increase of 3-9dB within the distance of 100- 
400km and of 9-10dB within the range 400-700km when com- 
pared with the C.C.I.R. over-land curves. In Fig. 3 the 10% 
curve was derived from recordings at the two sites nearest to the 
transmitter. At the more distant sites the field strength did not 
exceed the minimum value that could be recorded by the receiver 
for 10% of the total time. There is therefore some doubt about 
the validity of the derived curve at the greater distances, but up 
to 500km the values lie between 2 and 7dB above the C.C.LR. 
10% values. 

The reduction in the gradient of the over-sea curves with a 
reduction in percentage time clearly shows a decreasing influence 
of distance under abnormal tropospheric conditions. 

In addition to the results given in Figs. 2 and 3, the following 
effects were observed during the experiment: 

(a) The daily peak signals were generally received between 
1000-1200 and 1900-2300 hours G.M.T. at Happisburgh and 
Flamborough Head, although they were not pronounced in com- 
parison with the signals received throughout the day. The peak 


signals at Newton-by-the-Sea, Bridge of Don and Lerwick invariably 
occurred in the evening. 


* Documents of the C.C.I.R. VIIth Plenary Assembly, London, 1953, Vol. 1, p. 140. 
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(6) On all occasions when relatively strong signals were received 
at the various sites it was found that high-pressure systems, coupled | 
with temperature inversions in the upper atmosphere, existed over | 
the North Sea. ) 

(c) Fading observed at the nearer sites was either of the fast or 
slow type, whereas signals received at the more distant sites exhibited | 
only slow fading characteristics. | 


(4) CONCLUSIONS 


The main purpose of this experiment was to investigate long- 
distance v.h.f. propagation over sea paths and to compare the | 
results obtained with earlier investigations over land paths. The | 
results show a tendency for higher field strengths to be sustained " 


; 


over an all-sea path than over a path of the same length over land. 
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SUMMARY 


The paper describes the developments leading to the inauguration 
of the B.B.C. very-high-frequency service of sound broadcasting, 
which works in the band 87:5-100 Mc/s. The need for a very-high- 
requency service is explained, and the considerations leading to the 
shoice of frequency modulation rather than amplitude modulation, 
1nd of the national planning standards, are summarized. 

In July, 1954, the Postmaster General authorized the first stage of 
he development plan, comprising nine stations. Later it was agreed 
hat another station should be included in this stage, which is now 
/irtually complete. In July, 1956, the B.B.C. was given authority to 
suild a further six stations, which will be in service early in 1958. 
These sixteen stations will cover 96% of the population of Great 
Britain and Northern Ireland with three programmes. At a later 
date the B.B.C. plans to build additional stations to extend the popu- 
ation coverage to about 98%. At the majority of the stations three 
orogrammes are radiated from a common aerial; special precautions 
ire taken to minimize the generation of intermodulation terms. 

fhe experience gained during the first year’s service is described, 
vith special reference to the performance of commercial receivers. 
The present stage of. development of very-high-frequency sound- 
srvadcasting services abroad is briefly summarized. 


(1) INTRODUCTION 


(1.1) The Need for a National Very-High-Frequency 
Broadcasting Service 


Until recently the B.B.C. sound programmes intended for 
yeception in this country have been broadcast only on low- and 
medium-frequency channels, using amplitude modulation. The 
2uropean Broadcasting Convention, Copenhagen, 1948,! allo- 
‘ated to the United Kingdom one low-frequency and thirteen 
sedium-frequency channels; the B.B.C. uses two of the latter 
9 carry European programmes. The remaining channels are 
nsufficient for national coverage of three programmes. 

Since the Copenhagen Plan came into force in March, 1950, 
cnere has been a gradual increase in interference in Europe, 
‘rincipally because the number of stations working on low- and 
nedium-frequency channels has increased by more than 50%. 
AS a result the service areas of some of the B.B.C. stations are 
riously restricted during darkness, when conditions are 
avourable for ionospheric propagation over long distances. 
Yne of the problems confronting the B.B.C. is to assess what 
varther deterioration may take place in the next few years. 

A related difficulty is that, with the rapid growth in the number 
£ jow- and medium-frequency stations, it has been necessary 
9 restrict the bandwidth of receivers in order to avoid adjacent- 
thannel interference. As a result, the quality of reception 
‘vailable to the listener has deteriorated. A present-day medium- 
equency receiver in the popular price range has an effective 
ausio-frequency bandwidth of only about 3-4 kce/s. 
| f is for these reasons that the B.B.C. proposed the construction 
‘f ‘ransmitting stations working in the very-high-frequency (v.h.f.) 
avd, where the advantages of freedom from interference by 
‘xeign stations and of better-quality reception can be achieved. 


Mr. Hayes and Mr. Page are with the British Broadcasting Corporation. 


The v.h.f. band reserved for broadcasting in Region I (which 
includes the United Kingdom) at the Atlantic City Conference 
held in 1947? was 87:5-100 Mc/s. Part of this band has since 
been allocated in this country to mobile services; as a result the 
band available to broadcasting is at present limited to 88- 
95Mc/s. It is this band which, in July, 1954, the Government 
authorized the B.B.C. to use for a v.h.f. broadcasting service 
using frequency modulation. 


(1.2) General Considerations relating to Very-High-Frequency 
Broadcasting 


An important advantage relating to v.h.f. broadcasting is 
that the service is virtually free from interference resulting from 
reflection at the ionosphere. There remains the possibility of 
occasional interference due to long-distance tropospheric 
propagation. The question was studied at the Stockholm 
Broadcasting Conference in 1952;> by spacing co-channel and 
adjacent-channel stations sufficiently far apart a plan was 
evolved providing for national v.h.f. services in Europe, sub- 
stantially free from mutual interference. The exploitation of 
the new frequency band therefore presents the opportunity to 
receive high-quality programmes, limited largely by the cost of 
the receiver rather than by the need to minimize interference. 
A further advantage of v.h.f. broadcasting is that interference 
from many types of domestic appliances, which seriously 
degrades low- and medium-frequency services, does not affect 
reception. 

Turning next to the disadvantages of v.h.f. broadcasting, 
propagation conditions differ considerably from those on low 
and medium frequencies. The signal strength decreases rapidly 
with distance from the transmitter, and is more influenced by 
the nature of the terrain between transmitter and receiver. 
Hills cast partial shadows, so that there may be wide variations 
of field strength at points only a short distance apart; as a result 
the service area will be to some extent ‘patchy’. In addition, 
slow fading of the signal may occur at large distances from the 
transmitting station, while reflections from aircraft may give 
rise to rapid ‘flutter’ fading. 

Mention was made above of some forms of interference which 
affect medium-frequency (m.f.) reception but which do not affect 
yv.h.f. reception. On the other hand, there are some forms of 
interference which do not affect m.f. reception, but which may 
cause serious interference with a v.h.f. service. Receiver hiss 
and interference from motor-car ignition systems may be very 
annoying, particularly if the wanted field strength is weak. 

The B.B.C. plan envisaged national coverage of the Home, 
Light and Third Programmes by means of a number of stations, 
each equipped with three transmitters; but the first stage had 
the restricted objective of providing v.h.f. coverage as a sub- 
stantial reinforcement of the existing services on low and medium 
frequencies. Receivers for a service of this kind introduce 
problems for the designer, but it was hoped that the ultimate 
objective of the B.B.C. would encourage manufacturers to 
market relatively cheap receivers incorporating a y.h.f. band. 

The foregoing advantages and disadvantages apply to any 
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system of y.h.f. broadcasting, whatever the system of modulation. 
During the preliminary study of the problem many methods of 
modulation were considered. The system chosen should be 
economical in the use of the frequency spectrum; it should also 
permit the v.h.f. portion of the receiver to be as simple as pos- 
sible, and preferably suitable for combination with the mf. 
requirements by simple band-switching. These considerations 
led to the decision to investigate in detail only three systems: 


(a) Conventional amplitude modulation (a.m. system). ar 

(b) Amplitude modulation with an impulsive-noise limiter 
incorporated in a wide-band receiver (a.m.l. system). The per- 
formance of this system depends on the receiver bandwidth; for 
the majority of the tests, the bandwidth was +75 ke/s. 

(c) Frequency modulation, peak deviation ++ 75 ke/s (f.m. system). 
The considerations taken into account in deciding on the standards 
for the f.m. system are summarized in Section 3.1. 


The investigation comprised laboratory tests and field trials. 
A number of low-power field trials was carried out in 1945 and 
1946, and a report on the results has been published.* Later a 
long-term field trial on high power was carried out between 
1950 and 1953 using two transmitters, having a carrier power of 
approximately 20kW, installed at Wrotham (Kent); the effective- 
radiated-power (e.r.p.) was 120kW. These transmissions were 
used both for a comparison of the three systems and for field- 
strength surveys. The opportunity was also taken to install a 
number of receivers in the homes of members of the public 
and of B.B.C. staff, both technical and non-technical. These 
receivers could be switched to a.m., a.m.l., or f.m. services, and 
the listeners were asked to fill in a questionary summarizing 
their impressions of the three services. Completed questionaries 
were received covering reception at points up to 100 miles from 
Wrotham, and the results have been described.*> For the sake 
of completeness, the previously published results of these tests 
are briefly summarized in Section 2. 


(2) COMPARISON OF FREQUENCY MODULATION AND 
AMPLITUDE MODULATION FOR A BROADCASTING 
SERVICE 


(2.1) Signal/Noise Ratio 


A wide-deviation f.m. system gives an improved signal/noise 
ratio compared with an a.m. system, the improvement increasing 
with the peak deviation; this was first pointed out in a pioneer 
paper by Armstrong.© To obtain a worth-while improvement 
the peak deviation must be appreciably greater than the highest 
modulating frequency, and the signal strength in the receiver 
must be above the operating level of the limiter. 

For a peak deviation of +75kc/s and a pre-emphasis time- 
constant of 50 microsec the improvement of the f.m. system over 
both the a.m. and a.m.l. systems for receiver hiss is 24dB. The 
corresponding improvement for impulsive interference depends 
on the ratio of peak carrier to peak interference.’ For ratios 
greater than unity the improvement of the f.m. over the a.m. 
system is approximately 24dB. The improvement decreases 
for ratios just less than unity, and then increases for ratios 
small compared with unity to a value which is very dependent 
on the design of the receiver. An average figure for the improve- 
ment, based on experience in different listening conditions, is 
12dB. The performance of the a.m.l. service in respect of 
impulsive interference approaches (but does not equal) that of 
the f.m. service, provided that the receiver bandwidths are 
comparable and that the a.m.l. receiver incorporates a well- 
designed limiter. In both the a.m. and a.m.l. systems, receiver 
hiss may in some cases be sufficiently obtrusive to obscure the 
increase in the level of impulsive interference compared with 
that of the f.m. system. 
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(2.2) Field Trials 


The results obtained from the field trials were consistent with | 
those of the laboratory tests. The reports submitted by the 
panel of listeners may be summarized as follows: | 


(a) Within a range of approximately 30 miles from the trans- 
mitter no marked preference was expressed for any system; reception 
conditions were excellent with the a.m., a.m.l., and f.m. systems. 
Where any preference was stated it was for the f.m. system, because 
of the absence of receiver hiss. Listeners were impressed by the 
comparatively simple aerials which gave satisfactory reception with — 
the f.m. system. | 

(b) Beyond a range of 30 miles the majority of listeners expressed 
a marked preference for the f.m. system. | 

(c) Many listeners did not notice any difference between the a.m.]._ 
and a.m. systems. A preference for the a.m.l. system was expressed - 
by some listeners living in areas subject to heavy impulsive | 


interference. i 


The field trials enabled not only a direct comparison of the’ 
three systems to be made, but also a decision on the values of 
field strength required to give satisfactory reception (seé 
Section 3.1.4). : 


The field trials had led to the conclusion that the limit of the 
useful range of the Wrotham station (e.r.p. 120 kW) was approxi- 
mately 60 miles for the f.m., 50 miles for the a.m.1. and 35 miles. 
for the a.m. systems. The limits assigned must be to some 
extent a matter of opinion, depending on the relative importance 
attached to the suppression of receiver hiss and impulsive’ 
interference, the type of receiving aerial assumed, and similar | 
considerations. a 
The improvement of both the f.m. and a.m.l. systems over) 
the a.m. one is achieved only at the expense of the transmitted : 
signal occupying a greater bandwidth. It is possible to provide: 
the same coverage using either a f.m. system, or an a.m. system) 
using about three times the number of transmitters. The band-> 
width required for such an a.m. system could be less than that. 
required for the f.m. system, despite the greater number of) 
transmitters, and hence the number of channels. But, in practice, - 
if receivers of conventional design are used it is impracticable to! 
space the a.m. channels as close as is theoretically possible, on' 
account of frequency drift of the local oscillator in the receiver. 
The overall bandwidth required for the a.m. system is conse-: 
quently greater than that of the f.m. system. If, on the other! 
hand, special precautions are taken to minimize drift of the 
local oscillator, the receiver becomes expensive to manufacture. 
The number of transmitters required for national coverage on 
the a.m.l. system would be less than that for a similar a.m. 
scheme, but still appreciably more than for a f.m. scheme, and 
would consequently require a greater total bandwidth. | 

It was established that substantially complete national coverage 
of three programmes was possible within the bandwidth available, 
using frequency modulation. The smaller number of transmitting 
installations required for the f.m. scheme was attractive since it 
permitted the major part of the coverage to be provided by 
extensions to existing television transmitting stations. This. 
offered a considerable reduction in capital and annual costs 
and additional staff requirements, and also increased speed in 
completing the national coverage scheme. 


| 
(2.3) Coverage Considerations ; 


(2.4) The Decision to use Frequency Modulation 


The experience obtained during the investigation of v.h.f. 
broadcasting led the B.B.C. to recommend the development of a 
national high-power system employing wide-deviation frequency 
modulation. The B.B.C. was supported in this view by the 
Technical Committee set up by the Post Office before the 
European Broadcasting Conference, held at Stockholm in 1952. 
Later the Television Advisory Committee also examined the 
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relative merits of amplitude modulation and frequency modu- 
ation for v.h.f. sound broadcasting; in their Second Report® 
‘issued in January, 1954, the B.B.C. plan was again supported. 
‘In February, 1954, the Postmaster General accepted the Tele- 
‘vision Advisory Committee’s recommendations, and in July of 
‘that year the B.B.C. was authorized to put in hand the first 
istage of development of its plan for national coverage. 


(3) VERY-HIGH-FREQUENCY BROADCASTING USING 
FREQUENCY MODULATION 


| (3.1) System Planning Standards 
4(3.1.1) Audio-Frequency Pre-emphasis. 

Pre-emphasis is the term used to describe increased ampli- 
‘fication of the higher audio frequencies in the programme input; 
there is a corresponding de-emphasis in the receiver. The 
ypre-emphasis characteristic used corresponds to the voltage 
(across a Circuit comprising a resistance and inductance in series 
carrying a constant current, and is specified in terms of the time- 
«constant of this circuit. It has been claimed that pre- and de- 
remphasis result in a considerable improvement in the signal/noise 
aratio, but in practice the improvement is much less than is 
sometimes stated, for two reasons. First, the ear is less sensitive 
to the higher audio-frequency noise components; secondly, it 
is necessary to reduce the level of the input programme to avoid 
‘over-modulation of the transmitter. Over-modulation may 
case distortion if the bandwidth of the receiver is only just 
sufficient to cater for the nominal peak frequency deviation. 

Tests were carried out with various values of pre-emphasis 
time-constant, and a value of 50microsec was found to be the 
joptimum. For this case a 4dB reduction of modulation level 
was necessary to avoid exceeding the nominal peak deviation. 
he resulting overall improvement in receiver hiss was 3dB 
‘tor a loudspeaker having a wide frequency range; there was no 
improvement using a loudspeaker typical of those incorporated 
in the popular-priced receivers. The overall improvement in 
impulsive noise was negligible with both types of loudspeaker. 
\Although the overall improvement is small it is nevertheless 
ywvorth while as it involves little complication of the system. A 
pre-emphasis time-constant of 50microsec is used in Europe; 
2 value of 75 microsec is used in the United States. 


43.1.2) Peak Frequency Deviation and Channel Spacing. 

The improved signal/noise ratio using frequency modulation 
is obtained only at the expense of occupying a large bandwidth. 
JAs the total bandwidth available for the service is limited, the 
peak deviation must be a compromise between signal/noise 
ratio improvement and the ability to fit in as many channels 
“as are necessary to give the required coverage. The associated 
receiver design problems must also be borne in mind. Eventually 
the same standards as those used for sound broadcasting in the 
United States were adopted, namely a peak deviation of +75 kc/s 
and a channel spacing of 200 kc/s. 

The corresponding reduction in the level of receiver hiss 
«compared with that on a.m. and a.m.1. systems makes it possible 
to obtain a signal/hiss ratio of 60dB (this hiss level would be 
graded ‘just perceptible’) with a field strength of only 80.V/m 
when using a half-wave dipole receiving aerial. It is assumed 
hat the signal is frequency deviated +30kc/s, that it is above 
tthe operating level of the limiter, and that the receiver noise 
“ector is 10dB. This field strength is appreciably below the 
wredian field-strength (i.e. that available to 50% of the potential 
disteners) given in Section 3.1.4 for the limit of the second-class 
Service area. Consequently it may be argued that a lower peak 
«deviation is permissible. 

{t should, however, be remembered that there may be con- 
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siderable variations of field strength from the median value, 
depending on the nature of the terrain. It is estimated that at 
the limit of the second-class service area, where the median field- 
strength is 250uV/m at 30ft above ground level, 10°% of the 
potential listeners may obtain a field strength of 1004V/m or 
less. In addition, the receiving aerials used in practice may 
have a much smaller pick-up than a half-wave dipole 30ft 
above ground level. Tests on typical indoor aerials have shown 
that the pick-up may be up to 20dB less than that on an outdoor 
half-wave dipole. A peak deviation of at least -++75kc/s was 
also considered desirable from the point of view of suppression 
of impulsive interference. Moreover, it represents a good com- 
promise from the point of view of receiver design. This standard 
has now been adopted throughout Europe. 

The nominal channel spacing on the Continent is 300kc/s, 
but there are many exceptions in the present allocations.2 The 
B.B.C. considered distribution schemes for various channel 
spacings, taking into account the measured performance of the 
receivers available at the time. A spacing of 200kc/s was found 
to give the greatest freedom from interference for a 3-programme 
service confined to the band 88-95 Mc/s. There are, however, 
minor deviations from this channel spacing to suit local 
circumstances. 


(3.1.3) Polarization. 

As far as propagation characteristics are concerned there is 
not a great deal to choose between horizontal and vertical 
polarization, although there are minor differences between them. 
Impulsive interference from motor cars is somewhat less with 
horizontal polarization when using an outdoor receiving aerial.? 
A horizontal dipole also offers the possibility of discrimination 
against interference in the end-on directions. Even indoors the 
transmitted polarization is maintained, in the sense that an aerial 
of the appropriate polarization usually gives the higher pick-up. 
A horizontal dipole is, on the whole, more convenient to install 
indoors. 

Horizontal polarization was also considered to offer advantages 
in the design of the transmitting aerial. It permitted the use of 
vertical slots in a cylinder—an arrangement which entails less 
wind loading on the mast than for a vertically-polarized aerial 
having the same gain. 

The only disadvantage of horizontal polarization is that 
reflections from aircraft are stronger than for vertical polarization. 
But this does not generally cause any practical difficulties if an 
effective limiter is incorporated in the receiver (see Section 3.4.2). 


(3.1.4) Reception Standards. 

Experience during the field trials showed that where a listener’s 
aerial is situated near to passing motor traffic, ignition inter- 
ference is the overriding factor controlling the grade of service. 
One difficulty in deciding on the reception standards to be adopted 
is that the level of interference varies over a wide range from 
car to car; it would be impracticable at the present time to 
provide a service completely free from interference in all 
conditions. 

As a result of extensive listening tests two standards of service 
were defined; they allow for difficult, but by no means extreme, 
conditions. 


(a) First-class Service.—Interference from at least 50% of cars is 
imperceptible; of the remainder, 10% of cars may give rise to 
interference graded as ‘perceptible’. The field strength found 
necessary to give this grade of service was 1mV/m at 30ft above 
ground level, if the receiving aerial is about 45ft from a busy road. 

(b) Second-class Service.—Interference from at least 50% of cars 
is never graded as worse than ‘perceptible’; 10% of cars may give 
rise to interference graded as ‘disturbing’. The field strength found 
necessary to give this grade of service was 0:25mV/m at 30ft above 
ground level, for the same conditions as given above. 
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The standards were decided on as the result of tests using an 
outdoor half-wave dipole receiving aerial, 30ft above ground 
level. Other tests showed that, so far as ignition interference 
is concerned, indoor aerials are no worse than, and may in fact 
be better than, simple outdoor aerials. It is, of course, usually 
possible to improve reception conditions by using a directional 
aerial. Not only does this increase the pick-up of the wanted 
signal, but it also, in general, reduces the level of interference; 
in the fringe areas listeners usually have the choice of two 
stations and the aerial can therefore be directed away from the 
main source of interference. 

The standards were thought to represent a reasonable com- 
promise between the conflicting requirements of relative freedom 
from ignition interference and wide coverage from a single 
station. If is possible that, as the result of Government regu- 
lations, ignition interference will decrease in intensity in the 
future; but the standards were also considered reasonable in 
respect of freedom from receiver hiss, for the reasons given in 
Section 3.1.2. The same standards are generally regarded 
throughout Europe as the minimum for satisfactory urban and 
rural services, respectively. In the United States the median 
field-strength considered necessary for a satisfactory service is 
5mV/m over the principal city to be served, | mV/m in other city 
or business areas, and 50 ~V/m in rural areas. 


(3.1.5) Effective Radiated Power. 

For the field trials from Wrotham an e,r.p. of 120kW had 
been used, and the range to the limit of the 0:25mV/m field- 
strength contour (at 30 ft above ground level) was approximately 
60 miles. A higher e.r.p. would not increase the range to a 
worth-while extent because of the increasing severity of the 
fading at large distances from the transmitter.. A distribution 
scheme involving a large number of low-power f.m. stations 
was also studied; owing to the more difficult co-channel sharing 
conditions a practical scheme was found to require a greater 
total bandwidth than an equivalent high-power scheme. More- 
over, even if the equipment could have run largely unattended 
the capital and annual costs would have been greater than for the 
high-power scheme. 

An e.r.p. of 120kW was therefore considered the optimum 
for a f.m. scheme based on the use of television-station sites; 
this e.r.p. had been achieved at Wrotham by the combination 
of a 20kW transmitter and an 8-tier aerial having a power gain 
of 6.. The aerial aperture was about 80 ft, and although a greater 
gain could be achieved, a modest increase would considerably 
complicate the mechanical design. The aerial has proved 
extremely satisfactory, and it is therefore being used at the 
high-power f.m. stations; with minor exceptions it will also be 
used at the low-power stations, although in these cases the 
number of tiers will be smaller. 

The transmitter power of 20kW was the maximum con- 
veniently achievable with the valves available when the Wrotham 
transmitters were designed, and this fitted into the plan for 
radiating three programmes from a common aerial without the 
complication of providing combining units and feeders of higher 
power rating. For the reasons given in Section 3.3.1, it was 
eventually decided to use two identical transmitters in parallel 
for each service at each station. Discussions with transmitter 
designers had revealed that an economical range of transmitter 
powers would be 10, 5, and 1kW. This fitted conveniently into 
the general scheme and led to e.r.p.’s of 120, 60, 5, 2, and 1kW 
for planning purposes. 


(3.1.6) Co-channel Interference. 


A great deal of information on v.h.f. long-distance propagation 
has been accumulated during the last decade, and internationally 


: 
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agreed curves are now available showing the field strength to be 
expected for different percentage times.!? For planning purposes 
it is also necessary to take into account the ability of the f.m. 
receiver to discriminate against co-channel interference; this 
depends mainly on the effectiveness of the limiter, but is not 
otherwise very dependent on the receiver design. 

As a result of tests carried out on a number of receivers it was 


decided to plan on the basis of a wanted-to-unwanted carrier | 


protection ratio of 20dB, independent of whether the same or 


different programmes are radiated by the co-channel stations; | 
this corresponds to interference that would be graded “per- | 


ceptible’. The B.B.C. scheme provides for this degree of pro- 


tection for at least 99° of the time at the limit of the second- 


class service area; interference is expected to be imperceptible 


for at least 95° of the time. This seems a reasonable compromise | 


bearing in mind that in extreme cases directional aerials can be 
used to reduce interference. This same degree of protection is 
used for planning purposes in the United States and in most” 
European countries. 


(3.1.7) Adjacent-Channel Interference. 


The performance of receivers in respect of adjacent-channel 
interference is more difficult to predict than that for co-channel 
interference. If a receiver incorporates a limiter which effectively 
suppresses amplitude variations at frequencies up to 300kc/s, 
and a discriminator with a response characteristic which is’ 
symmetrical with respect to the carrier frequency, it should be 
virtually free from adjacent-channel interference. 

In practice these conditions are never fulfilled, and the sus- 
ceptibility of a receiver to interference depends on the degree of 
departure from the idealized case. It is difficult to decide what 
the practical performance will be merely by inspection of the 
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circuit diagram, or from the usual type of objective measurement. | 


Subjective tests carried out on typical receivers led to the decision 
to plan on the basis of wanted-to-unwanted carrier protection 


ratios of 10, 0 and —10dB for channel spacings of 100, 200, and 


Fig. 1.—The plan for national coverage. 


Approximate service areas, Stages I and II. 
———— Service areas of the Stage I transmitters. 
— — — Service areas of the Stage II transmitters. 
The figure on the contour line is the field strength in millivolts per metre at 30ft 
above ground level. 


Stage I 


Carrier frequencies ; | 
Site 
height 


Aerial 


Station height 


ft(a.m.s.l.) | ft(a.g.l.) 
Wrotham 
Pontop Pike 
Divis ‘ 
Meldrum 
Wenvoe .. 


Norwich . . 


N. Hessary Tor 
Sutton Coldfield 
Holme Moss 
Blaen Plwy 


Rowridge ve 
Kirk o’ Shotts .. 
Sandale .. Ae 


Anglesey 
Corwen .. 
Rosemarkie 


A.M.S.L.—Above mean sea level. 
A.G.L.—Above ground level. 
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300 kc/s, respectively. This corresponds to an interference level 
graded ‘perceptible’, and the B.B.C. scheme provides for this 
degree of protection for 99°% of the time at the limit of the 
second-class service area. These protection ratios are used in 
most European countries for planning purposes; in the United 
States the corresponding ratio is —6dB for a channel spacing 
of 200 ke/s. 


(3.2) The Plan for National Coverage 


For the reasons given earlier, f.m. transmitters installed at 
existing or proposed television stations form the backbone of 
the coverage scheme. The only exception is Wrotham, the 
station used for the high-power field trials. This site was chosen 
in 1950 and is retained in the final scheme as it adequately serves 
Greater London and the Home Counties. The v.h.f. sound 
distribution scheme will be completed by providing additional 
stations designed only for f.m. transmissions. The aim has 
been to provide all the larger centres of population with a 
median field-strength at 30ft above ground level of at least 
1mV/m, and the more rural less densely-populated areas with a 
median field-strength of at least 0:25mV/m. 

A total of 35 channels can be accommodated in the band at 
present available for broadcasting, namely 88-95 Mc/s. These 
are divided into 11 groups of three channels spaced 2:2 Mc/s 
apart, with two additional channels. The majority of the stations 
will radiate three programmes, using one of these groups of 
channels, all three transmissions being combined and radiated 
from the same aerial. The system of frequency allocations 
adopted permits a standard type of combining circuit to be used 
at all stations. 

The service was opened when Wrotham ‘began transmitting 
all three sound programmes on 2nd May, 1955. Priority has 
since been given to providing a v.h.f. service in those parts of the 
country where, for one reason or another, the m.f. service has 
been least satisfactory. The overall plan is to be implemented 
in three stages. Stage I has comprised ten stations each radiating 
three programmes, and is virtually complete; it gives coverage to 
approximately 84% of the population of the United Kingdom 
and Northern Ireland. Details of the stations and the service 
areas are shown in Fig. 1. Stage II will add six stations, which 
are also shown in Fig. 1; this stage will be completed early in 
1958, and will increase the population coverage to 96°%. The 
Anglesey station is already in service on a temporary low-power 
basis, radiating for the time being a single programme. 

In order to fill in the more important remaining coverage gaps 
Stage III is now being planned; this will raise the population 
coverage to 98%. It involves the construction of 11 more 
stations, and a tentative list is given in Table 1. Changes in this 
list may be made as the result of the experience gained with 
Stages I and II; it is possible that some of the stations may 
turn out to be unnecessary, and others may be added. 


(3.3) Transmitting Equipment 
(3.3.1) General Arrangements, 


As the major part of the transmitting equipment is installed 
at television stations, it is planned to operate unattended and is 
provided with many automatic features. These include a system 
of alarms and indicators by which the staff in the neighbouring 
television station are kept informed of the operating conditions 
of the fm. equipment. In addition, extensive use is made of 
automatic monitors for checking the quality of transmission.!! 
For reliability with unattended and automatic operation the 
transmitting equipment is installed in duplicate chains which 
radiate simultaneously, thus reducing the risk of total breakdown 
of a programme service. The aerial also is split into two halves, 
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each half being fed from a separate feeder. Three transmitters | 
(one for each programme) form one group, and the combined | 
output is connected to one half of the aerial system through its | 
own feeder; the other group of three transmitters is connected) 
to the other half of the aerial system. The general arranger | 
is illustrated in Fig. 2. 

The signals radiated from the two halves of the aerial arel 
arranged to be in phase; the complete system for each programme 
is therefore equivalent to a single transmitter, of power equal to. 
the sum of the duplicate-transmitter powers, working into the! 
full aerial. If there is a fault in either half of the system the} 
other half continues to radiate; the e.r.p. is consequently reduced) 
by 6dB in the fault condition. To cater for the possibility of} 
faults on one transmitter group and on the other half-aerial’ 
occurring simultaneously, switching has been provided to enable 
the transmitter group normally connected to one half of the 
aerial to be transferred to the other half. i 

Each programme is fed continuously to two modulated drives;} 
the automatic drive-change-over panel connects one drive out- 
put to the duplicate transmitters and changes over to the spare} 
in the event of a drive failure. The phase identity of the rf. 
outputs of the two transmitters is maintained by means of a 
phase comparator; correction is automatically effected when the 
phase difference exceeds 5°. An alarm is given in the event of) 
the correction exceeding that for 45° phase difference, as this 
would indicate an abnormality in the equipment. The automatic} 
phasing unit has a relatively long time-constant, correcting phase. 
at the rate of approximately 1° per second. 

The two transmission lines and associated aerials are adjustedl 
during installation to give equal phase delay. It is not con-) 
sidered necessary to monitor the relative phase of the radiated’ 
outputs because it is virtually impossible for this to change) 
appreciably without the aerial reflection coefficient changing,’ 
and a large change in the reflection coefficient automatically 
operates an alarm. The maximum relative phase difference) 
between signals radiated from the two halves is estimated to be 
within +15° at the carrier frequency. A difference of this amount| 
is unlikely to occur in normal operating conditions; in any case! 
it represents a negligible decrease in the radiated signal. The 
additional relative phase difference over the modulation ban 
does not exceed 10°, provided that the transmitter is correctly 
tuned. 

The use of a common aerial rather than separate ones for the 
three programmes represents a big economy, as the cost of a 
high mast is a substantial part of the cost of a transmitting station. 
A disadvantage of this arrangement is that it increases 


| 


HAYES AND PAGE: THE B.B.C. SOUND BROADCASTING SERVICE ON VERY HIGH FREQUENCIES 


TRANSMITTER 4 
FREQUENCY fy DRIVE 


PROG INPUT d 
5 
- EQUIPMENT 9 


PHASING 
UNIT 


TRANSMITTER .2 
FREQUENCY f5 ORE 


PROG. INPUT . 
EQUIPMENT petcas 
“—; DRIVE 


PHASING 
; UNIT 


AUTOMATIC ’ 


PHASING 
PHASING 
UNIT 7 


TRANSMITTER. 3 
ee tency f,. 


‘ : PROG. INPUT Q 
EQUIPMENT ens 
— 


DRIVE 


PHASING 
UNIT 


TRANSMITTER 


PHASING TRANSMITTER 
UNIT 
pS 
AUTOMATIC PHASE NOTCH 
PHASING COMPARATOR 
TRANSMITTER 
3B 


219 


TRANSMITTER 


4A 


NOTCH 
FILTERS 


48 


UPPER HALF 


OF AERIAL 
TRANSMITTER COMBINING COMBINING 
2A ; UNIT UNIT 
PHASE 
LOWER HALF 
OF AERIAL 


COMBINING COMBINING 
UNIT UNIT 


2B 
3A 


FILTERS 
Li he 


Fig. 2.—General arrangement at three-transmitter station. 


ossibility of intermodulation products being generated in the 
transmission system, and being radiated as ‘out-of-band’ signals. 
This problem is discussed in Section 3.3.5. 

A duplicate mains power supply is provided at each station, 
he two mains feeders being connected to separate sections of 
he C.E.A. system. The change-over between these feeders is 
ranged to be automatic in the event of failure on the feeder 
n use. A small Diesel motor-alternator set provides emergency 
ighting in the event of a total mains failure. The station equip- 
nent starts up and closes down automatically under the control 
»f time switches, which are duplicated. Comprehensive fault 
ndication and automatic monitoring arrangements are provided 
mm a centralized control and indication bay. This is installed 
n the transmitter hall, and an engineer who has been summoned 
yy an alarm is able to ascertain at once from the indications 
vhich part of the transmitter chain is faulty. A ‘systems normal’ 
ndication is included to show whether the various switches have 
een left in the correct position for automatic starting from the 
ime switches, thus providing a check for the engineer immediately 
vefore he leaves the station. Information and alarms from this 
ay are reproduced at the television-transmitter control desk. 

Provision is made for quality monitoring at a remote manned 
entre, which may be either studio premises or another B.B.C. 
ransmitting station. In addition an acoustically-treated room, 
vhich is shared with the television station, is provided at the 
ransmitter for aural checking of the sound quality. Audio- 
requency feeds to this room are provided from high-grade 
nenitors. Equipment is also provided at each station for the 
scasurement of transmitter performance. 

The sound programmes are distributed by means of Post 
Ace lines. The frequency response is substantially flat from 
Gels to between 7°5 and 15kc/s, the upper limit depending on 
he programme route; the signal/noise ratio is generally at least 
(dB. In the event of an interruption due to a line fault, 


the programme can be restored by the television staff using 
re-broadcast receivers to pick up another transmitter. 

This description applies to the high-power f.m. equipment 
installed at television stations. A similar system will be used 
for the proposed low-power f.m. equipment installed at television 
stations, but it will be simplified by the omission of the automatic 
phase-correction system; this is not considered necessary in 
view of the smaller number of transmitter stages. The low-power 
stations designed only for f.m. transmissions will be unattended, 
but in the event of a fault leading to a break in the transmission 
a carrier alarm will be operated to call a part-time member of 
staff living in the vicinity. This arrangement, in conjunction 
with travelling maintenance squads, has already proved satis- 
factory for unattended low-power transmitters working in the 
m.f. band. 


(3.3.2) Transmitting Stations. 

As far as possible the transmitter buildings are designed to 
suit the local surroundings of the site, by careful choice of 
position and by the use of suitable materials. 

The layout of a typical station is shown in Fig. 3. The buildings 
are located near the mast, in order to reduce the cost of, and 
losses in, the v.h.f. feeders. To keep down building costs, floor 
ducts have been avoided wherever possible, and the layout 
permits cable trays and ventilation ducts to be supported on 
the transmitters themselves. The ventilation of the transmitter 
hall is effected by the use of the transmitter blowers; these are 
provided with thermostatically controlled louvres, making use of 
waste transmitter heat if required. The ingress of cold damp air 
when the plant is idle is prevented by automatic operation of 
dampers in the air inlets and in the outlet ducts. This arrange- 
ment has been found valuable in minimizing corrosion and 
insulation deterioration. 

The absence of operational staff necessitates special safety 
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Fig. 3.—Layout of v.h.f. sound and television transmitting station. 


precautions. For example, electrical isolation of any item of 
equipment can be effected from a centralized position, with clear 
indications at the transmitters of the position of the relevant 
isolators. The power-supply switchboards for the fm. equip- 
ment are completely separate from those for the television 
equipment. To give total isolation of the plant in case of fire 
or other emergency a clearly marked switch is provided which 
can be used if no technical staff are available. Fire risk is 
minimized by the provision of oil-drainage ducts and automatic 
carbon-dioxide protection. 

The apparatus which is most likely to require attention in an 
emergency is concentrated near the manned television-transmitter 
room. The f.m. transmitters, being duplicated, can operate 
entirely unwatched. Of the sixteen stations included in Stages I 


ws 


and II, the power of transmitter units will be 10kW at seven 
stations, 5kW at six stations and 1kW at three stations. In 
view of the unattended operation of all these transmitters they | 
were specified to be air-cooled, except for the cooling of test 
loads used in transmitter adjustment. For the same reasons the ~ 
balancing loads of the combining units are air-cooled. 7 

Two types of transmitter, made by different manufacturers, 
are used; the main technical difference between the two is the 
method of modulation. In one case a directly-modulated quartz 
crystal is used.!? In the other an LC oscillator is modulated by _ 
a reactance valve, the centre frequency being controlled by a 
quartz-crystal oscillator.!3 The equipment had to meet. a 
stringent specification involving both objective and subjective 
tests. 
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During the first year of operation, loss of programme time due 
o transmitting-station faults has been a little less than 0-001% 
f the total programme hours. This breakdown figure is expected 
oO improve as minor difficulties are corrected. 


3.3.3) Combining Units. 

The equipment for combining the outputs from three trans- 
nitters into a single aerial consists of two units, each incor- 
orating frequency-selective circuit elements in the form of a 
sridge.'4 The general arrangement is shown in Fig. 2, and the 


-quivalent circuit of a single unit is shown in Fig. 4. Here Z J 
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Fig. 4.—Equivalent circuit of combining unit. 


s the aerial impedance and Ro is a balancing resistance, nominally 
squal to Z4; X,2 and X34 are reactances such that X}.X34 = R@. 
since X, is substantially a short-circuit and X34 is substantially 
in open-circuit at carrier frequency /;, T1 is effectively connected 
directly to the aerial and isolated from T2. Correspondingly X12 
s substantially an open-circuit and X3, is substantially a short- 
circuit at carrier frequency f>, so that T2 is effectively connected 
lirectly to the aerial and isolated from Tl. These conditions 
ipply only at the carrier frequencies; when a deviation of the 
sarrier frequency occurs, the isolation of the two transmitters is 
chieved partly by virtue of the balanced bridge arrangement, 
ince Z, is approximately equal to Rp. Different versions of the 
irangement of Fig. 4 are used by the two transmitter con- 
ractors; although dissimilar in mechanical form they are 
‘lectrically equivalent. 

A relatively low insertion loss between transmitters would be 
yermissible if it were not for the possibility of intermodulation 
yxetween transmitters resulting in the radiation of ‘out-of-band’ 
ignals; this difficulty had been foreseen, and determined the 
value of the insertion loss required. As a result, the ‘out-of- 
sand’ signals generated in the transmitters have been reduced 
9 a very low level (see Section 3.3.5). 


3.3.4) Aerials. 

In anticipation of the radiation of a v.h.f. sound-broadcasting 
ervice, an 8-tier aerial had been incorporated in the masts 
yrovided at the first four post-war television stations, in addition 
o that at Wrotham. Each tier of the aerial comprises four 
fettical slots in a cylinder of 6 ft 6in diameter; the arrangement 
ad performance of the aerial have already been described.'> 
The intrinsic gain, neglecting all losses, is 9-5 dB; the net gain, 
aking feeder and other losses into account, is 8-0dB. The 
tanding-wave ratio is better than 0:8 over the whole of the f.m. 
and. 

fhe aerial has proved to be very satisfactory, and it was decided 
© retain it at the majority of the f.m. stations. In. the earlier 
nests the slotted cylinder was made of galvanized sheet steel, 
% i was one of the load-carrying structural components. The 


mechanical design was reconsidered when the v.h.f. scheme was 
approved, and it was then decided to make the cylindrical 
sections of thin aluminium-alloy sheet for mounting on the mast 
after it had been erected. The electrical part of the aerial was 
thus divorced from the load-carrying structural members of the 
mast. At the same time it was decided to standardize on a 
mast of square cross-section for all future v.h.f. stations, with 
minor exceptions. Standard masts (500ft high, 4ft side, and 
750ft high, 4ft 6in side) were designed to support a Band I 
television aerial and a 6ft 9in diameter slotted cylinder for the 
fim. service; provision was also made for mounting television 
aerials for other bands, should allocations be made at a later 
date. 

The aluminium cylindrical aerials were manufactured in the 
form of quadrants, each containing a single slot; four quadrants 
constitute a single tier of the aerial. The quadrants incorporate 
all the necessary feeding and impedance-compensating arrange- 
ments, and these were preset at the factory; the quadrant and 
its attachments could be hoisted as a single unit. Similarly, the 
distribution feeder was assembled and adjusted prior to delivery 
to site. No further adjustment was necessary, and assembly of 
the distribution feeder could be carried on within the cylinder, 
sheltered from the weather. In weather conditions suitable for 
mast climbing the erection of an 8-tier aerial was completed in 
four weeks. 

The problem of the generation of intermodulation products 
due to poor contacts in the mast structure had been a design 
consideration from the outset. The structural steel members 
and the stays of all B.B.C. post-war masts are heavily galvanized 
to avoid poor contacts and to minimize corrosion. In addition, 
rubbing contacts on stays are short-circuited by well-bonded 
connections. Corrosion of the sheet aluminium used in the 
later aerials was minimized, in co-operation with the manu- 
facturers, by the choice of alloy and by sealing the joints of 
mating surfaces. 


(3.3.5) Radiation of ‘Out-of-Band’ Signals. 

The v.h.f. broadcasting band is situated between bands 
allocated to mobile communications. In these bands the users 
may wish to work at low field strengths, and in the case of the 
higher band this may be desired when operating in the neighbour- 
hood of a high-power B.B.C. station. This frequency-band 
allocation is unfortunate, creating difficulties both for the 
broadcasting organization and for the mobile-radio user. 

Considering the transmission difficulties first, intermodulation 
occurring in any part of the system may result in signals being 
radiated outside the broadcasting band (‘out-of-band’ signals). 
The aerial system radiates efficiently only those ‘out-of-band’ 
signals falling in the immediately adjacent bands. If the trans- 
mitters are T1, T2, T3 and the corresponding carrier frequencies 
in ascending order are f;, fo, f;, the spacing between them being 
Af, the four important ‘out-of-band’ signals are (f; — 2Af) and 
(f, — Af) generated in Tl, and (f;+ Af) and (f; + 2Af) 
generated in T3. It is, of course, possible to select a frequency 
for the mobile-radio service such that there is no interference 
by these ‘out-of-band’ signals, but this may not always be con- 
venient. It was therefore decided to reduce the radiated ‘out-of- 
band’ signals to the lowest practicable level. 

The field strength of the B.B.C. signals, at a height of 6ft 
above ground level (typical of the aerial height for a mobile 
service), is generally not more than 300mV/m at points beyond 
one mile from a high-power station (transmitter power 20kW, 
e.t.p. 120kW). It was decided to aim at a radiated ‘out-of-band’ 
signal level not exceeding —100dB relative to the B.B.C. signal, 
ie. a field-strength of 3 ~V/m at points where the field strength 
of the B.B.C. signal is 300mV/m; this corresponds to an e.r.p. 
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of 12,,.W. There is, at present, no international regulation on 
the permissible ‘out-of-band’ radiation in this frequency band, 
but the corresponding limit for frequencies up to 30 Mc/s is 
that the power supplied to the aerial must not exceed 200mW, 
i.e. 50dB below the main signal in the case considered. The 
target figure of 100 dB is therefore 50dB more stringent than the 
international figure for lower frequencies. A ratio as large as 
100 dB is not, of course, easy to measure, and special equipment 
had to be developed for this purpose. 

Tests were carried out to determine the degree of intermodu- 
lation between transmitters with different insertion losses between 
them, in order to specify the overall performance of the com- 
bining system. The required insertion loss was obtained by 
associating notch filters with the combining units, as shown in 
Bige2 

At the time of writing, the measured levels of the four ‘out-of- 
band’ signals radiated from the Wrotham station lie between 
—82dB and —97dB relative to the main signals; the target 
figure has therefore not yet been achieved. The levels of the 
residual signals do not appear to be determined by inter- 
modulation in the transmitters. Further work is in hand to 
locate the main remaining cause of intermodulation between the 
three transmissions. 

There are reception difficulties for the mobile-radio user even 
when no ‘out-of-band’ signals are radiated from the broad- 
casting station. In the presence of two or more strong B.B.C. 
signals, intermodulation in the early stages of the receiver leads 
to the generation of ‘out-of-band’ signals of the same frequencies 
as those given above. If the mobile-radio service operates on 
one of these frequencies the minimum usable field-strength may 
be determined by the degree of intermodulation in the receiver. 

To investigate this effect, two equal strong frequency-modulated 
signals and a weak ‘wanted’ signal modulated with speech were 
fed simultaneously into the mobile-radio receiver; the strength 
of the ‘wanted’ signal was increased until communication was 
just intelligible. This minimum usable signal-strength was 
measured for a range of levels of the interfering signals. The 
results for five modern receivers are shown in Fig. 5; these are 
expressed in terms of the field strength, making the assumption 
that the effective height of the receiving aerial is 0-5m. The 
minimum usable field-strength set by receiver noise is about 
+6dB relative to 1j.V/m. In the best case the field strength 
required for satisfactory operation of the mobile-radio service is 
determined by intermodulation in the receiver if the strength of 
the B.B.C. signals exceeds +90dB relative to 1uV/m at 6ft 
above ground level; in practice this means that trouble will be 
experienced within about five miles of a high-power broadcasting 
station. Fig. 5 also shows the measured ‘out-of-band’ signals 
radiated from Wrotham. It is seen that the limitation imposed 
by these signals is much less severe than that imposed by 
intermodulation in the receiver. 

The generation in the receiver of an ‘out-of-band’ signal of the 
same frequency as that of the mobile-radio service is merely one 
of the difficulties associated with the reception of a weak signal 
in the presence of two or more strong signals in an adjacent 
band. There may be other types of spurious response when 
operating in the vicinity of a high-power station. 


(3.4) Performance of Commercial Receivers 
(3.4.1) General. 

The cost and performance of f.m. receivers was one of the 
subjects to the forefront when the system of modulation was 
under consideration. At that time it was possible only to 
speculate on the possibilities, based on experience in other 
countries. A close interest has therefore been taken in the 
performance of the various types of British receivers; these 
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Fig. 5.—Effect of intermodulation in mobile-radio receivers in presence | 
of two strong f.m. signals. 


(a) Minimum usable mobile-radio field strength imposed by intermodulation in 
receiver; the spread of results for five modern receivers is shown. 

(b) Measured B.B.C. ‘out-of-band’ signals radiated from Wrotham. The frequencies | 
of the three B.B.C. channels are fj, fo, ./3, spacing Af. 

Effective height of receiving aerial taken as 0-5 m. . 


' 
{ 


include combined a.m.-f.m. receivers, fm. adaptors (f.m. 7 
receivers without an audio-frequency amplifier or loudspeaker), 
receivers for frequency modulation only, and combined television- 
fm. receivers. At the present time no car radios made in this” 
country have provision for f.m. reception, although a number of ° 
models having a good performance are available in Germany. 

The majority of British receivers are designed to work with a 
built-in aerial and consequently have a high sensitivity. The 
intermediate frequency is usually 10-7Mc/s. A ratio detector 
is commonly used; it is sometimes associated with an additional 
stage of limiting or occasionally replaced by a limiter plus” 
Foster-Seeley discriminator. The quality of reproduction is 
limited mainly by the loudspeaker. The drift of tuning of the 
popular-priced sets after switching on is not usually greater than 
about 50kc/s. Tuning is not difficult and the suppression of 
impulsive interference is usually good. 

Possibly the biggest difference in performance between different 
makes of receiver, and the one that has unfortunate repercussions 
in some circumstances, is in the suppression of amplitude 
modulation. This is illustrated in Fig. 6, which shows the a.m. | 
suppression ratio of receivers made by different manufacturers 
plotted against the selling price. For this purpose the a.m. 
suppression ratio is defined as the ratio of the output due to 
frequency modulation to that due to amplitude modulation when 
the receiver is fed with a carrier simultaneously frequency- 
modulated +30kc/s at 100c/s and amplitude-modulated to a 
depth of 40% at 2kc/s. Fig. 6 shows that the a.m. suppression 
ratio covers a wide range, from 11 dB to 52dB; the lower sup- 
pression ratios apply to the commonest type of receiver, which 
incorporates a ratio detector without additional limiting. It 
should be added that the method of measurement used gives an 
a.m. suppression ratio of 12dB for an idealized Foster—Seeley 
discriminator without a limiter. It is of interest to note that the 
achievement of good a.m. suppression does not appear to be 
merely a question of selling price, although this question is 
complicated by the difference in cost due to the finish of the 
receivers. 

A poor a.m. suppression ratio will result in an increase in the 
level of background hiss, but the increase is not, in general, 
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rious. On the other hand, the effect of impulsive interference 
nay be less than for receivers having a good a.m. suppression 
atlo; in practice, it has been found that the improvement in 
his respect may be as much as 10dB. But there are two serious 
ffects associated with poor a.m. suppression. First, co-channel 
nterference will be worse; a receiver with an a.m. suppression 
‘atio of 20dB is more susceptible to co-channel interference to 
he extent of about 10dB compared with that envisaged in the 
national plan. The effect of this limitation will only manifest 
tself fully when the v.h.f. services planned in this and neigh- 
xouring European countries aré complete. Second, there are 
ieleterious effects on the quality of reproduction and on the 
‘ase of tuning in conditions of multi-path propagation; a special 
ase of this nature is that of signals reflected from aircraft. 
(hese aspects are discussed in Section 3.4.2. 


3.4.2) Multi-Path-Propagation Distortion. 


If in addition to the primary f.m. signal a secondary signal is 
eceived, delayed in time relative to the primary signal, both the 
yhase and amplitude of the composite signal will be affected. 
fhe depth of amplitude modulation of the composite signal as 
he frequency of the primary signal is modulated is a convenient 
neasure of the magnitude of the secondary signal. If the path 
lifference between the primary and secondary signals is small 
say less than 1 mile), the resulting distortion is generally neg- 
igible, even in the case of receivers having a poor a.m. sup- 
yression ratio. But there is one case where it may be important; 
f the depth of amplitude modulation approaches 50% receivers 
neorporating ratio detectors are very prone to distort, because 
hey are not usually designed to cater for large negative deviations 
f signal amplitude from the mean. However, depths of ampli- 
ude modulation as large as 50% are rare in practice, and can 
isually be avoided by suitably locating the receiving aerial; one 
“ception is mentioned later. 

if the path difference between the primary and secondary 
ignals is large, say 5-15 miles, the consequences may be more 
eious. A f.m. receiver having a good a.m. suppression per- 
g mance will remove the amplitude variations, but the phase 
ietortion will remain. It has been appreciated for many years 
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that distortion is possible in such cases!® but experience shows 
that it is of infrequent occurrence; it can usually be avoided 
by exercising reasonable care in positioning the receiving aerial, 
or in extreme cases by using a directional receiving aerial. 

If, on the other hand, a receiver having a poor a.m. suppression 
ratio is used, the amplitude ripples which occur when the signal 
is modulated are not completely eliminated; appreciable dis- 
tortion may consequently be heard, even in cases where the phase 
distortion mentioned previously is negligible. This may be 
particularly serious on some types of programme. For instance, 
distortion of piano music is very obvious; it sounds very like 
mechanical buzz in the loudspeaker, but, unlike mechanical buzz, 
the distortion may be heard in quiet and loud passages alike. 
For a similar degree of multi-path propagation, distortion of 
other types of programme is usually less obvious and may even 
be inaudible. Distortion is also much less obvious on the more 
critical types of programme if the upper a.f. response of the 
receiver is limited. Experience in the Wrotham service area 
indicates that depths of amplitude modulation of between 5% 
and 10% and path differences of 5-15 miles are not uncommon 
at sites which are to some extent screened from the primary 
signal, and where at the same time there is a reflecting obstacle, 
such as a range of hills, which is not similarly screened. If in 
such cases a receiver is to be free from the additional distortion 
associated with amplitude modulation of the composite signal 
the a.m. suppression ratio, as defined above, should be at least 
35 dB. 

Another effect associated with poor a.m. suppression in con- 
ditions of multi-path propagation is that the tuning of the 
receiver is very critical. Furthermore, both the distortion and 
the difficulty of tuning may be greatly exaggerated when using 
the aerial built into the receiver. Unless care is taken in the 
positioning of the set, and this is not always desirable or possible, 
discrimination against the primary signal results in an exaggera- 
tion of the effect of the secondary signal; severe distortion may 
result in such cases. 

Though serious distortion in conditions of multi-path propaga- 
tion is not common, two factors have made it much more 
prevalent than was expected from the field trials. These are the 
use of built-in aerials, and of receivers incorporating ratio 
detectors without additional limiters, which usually have a poor 
a.m. suppression ratio. The authors strongly recommend that 
f.m. receivers should have a good a.m. suppression ratio in 
order to avoid distortion and difficulty of tuning in conditions 
of multi-path propagation. To achieve this it is necessary to 
include some form of limiting in addition to that provided by a 
ratio detector of conventional design. 

A receiver with a good a.m. suppression ratio can be used with 
a wide range of aerials without giving rise to distortion associated 
with the exaggerated effect of the secondary signal. Nevertheless 
the authors deplore the tendency to suggest that the built-in 
aerial is universally satisfactory in such cases. For a per- 
manently-installed receiver the ‘picture-rail’ dipole seems a 
better compromise between performance and complexity. A 
dipole or directional aerial mounted in the loft or outdoors 
may be necessary in extreme cases where, owing to the nature 
of the terrain, a relatively strong secondary signal is received. 

A case of multi-path propagation of special interest is that 
associated with reflections from aircraft; this is generally 
important only when, owing to the nature of the terrain, the 
primary signal is weak. The amplitude of the resultant signal 
then waxes and wanes rhythmically at a frequency of a few 
cycles per second, and the field strength in the troughs is often 
too low for the automatic gain control to be effective. A receiver 
incorporating a ratio detector, although suppressing rapid 
amplitude variations, does not suppress these slow variations, 
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and the programme level consequently varies cyclically. As 
such a receiver usually has a poor a.m. suppression ratio, distor- 
tion may accompany the level variations; this will apply even 
though the path differences involved are small if the depth of 
amplitude modulation exceeds 50%, for the reason given earlier. 
These adverse effects associated with reflections from aircraft 
can be avoided by using a receiver incorporating an effective 
conventional limiter, for which the output programme level is 
independent of the input carrier level. 

The foregoing remarks refer to the shortcomings of some types 
of receiver, and indicate how the difficulties may be avoided. 
In drawing attention to them it is not suggested that they are 
commonly experienced; they occur only in conditions unfavour- 
able for v.h.f. reception. 


(3.5) The Public Reaction 


Since the start of the v.h.f. service on a regular basis in May, 
1955, there has been considerable and growing interest in these 
transmissions on the part of the public. Many thousands of 
people have attended demonstrations organized by the B.B.C. 
and the radio industry in different parts of the country. This 
interest has naturally been confined mainly to those parts of the 
country so far covered by v.h.f. transmissions, but the B.B.C. 
has received many inquiries about plans for extension of the 
service. The introduction of the new service has been parti- 
cularly welcome in Sussex and Kent and also in South Wales; 
in both these areas there was serious interference with the mf. 
service after nightfall by foreign stations. The introduction of 
v.h.f. broadcasting in north-east England and Northern Ireland 
has also made it possible for these two regions to have their.own 
separate Home Service programmes for the first time since 1939. 
The m.f. transmitters are on the same frequency and therefore 
tied to the same programme. 

In September, 1956, the v.h.f. coverage was 46°% and some 
450000 v.h.f. receivers had been sold; a steady increase in this 
number is expected as the coverage is extended. The majority 
of the receivers have so far gone to south and south-east England, 
i.e. the area served by the Wrotham station, but sales are now 
spreading to other parts of the country as the new v.h.f. stations 
are brought into service. 

Not all the listening public have a keen ear for high-quality 
reproduction; however, there is an important and growing 
section who welcome a high-quality service which is substantially 
free from interference of all kinds. But the public reaction must 
primarily be assessed on the ability of v.h.f. broadcasting to 
give reliable reception of the three B.B.C. sound programmes in 
areas where the low- and medium-frequency service is poor or 
non-existent. 


(4) VERY-HIGH-FREQUENCY BROADCASTING SERVICES 
ABROAD 


The results of a comprehensive inquiry into the development 
of v.h.f. sound-broadcasting services in Europe have recently 
been published.!?_ The report of this inquiry states that almost 
all the European broadcasting authorities have introduced, or 
are about to introduce, one or more v.h.f. services. The reason 
generally given is that the low- and medium-frequency allocations 
under the Copenhagen Plan! were inadequate to ensure satis- 
factory programme distribution, and that extensions to the 
present structure were impracticable. The use of v.h.f. broad- 
casting increases flexibility, permitting, in particular, the radia- 
tion of regional or local programmes. 

All the European countries concerned with v.h.f. development 
have decided to use frequency modulation. Allocations in the 
band 87:5 Mc/s—100 Mc/s were agreed at the Stockholm Con- 
ference in 1952.7 In the frequency plan provision was made for 


HAYES AND PAGE: THE B.B.C. SOUND BROADCASTING SERVICE ON VERY HIGH FREQUENCIES 


| 

. 
nearly 2000 transmitters by the 34 participating countries; by) 
the end of 1956 it is expected that about 30% of these transmitters f 
will be in service. 

In the United States the pattern of service, and in consequence | 
the v.h.f. picture, has been quite different. There y.h.f. broad- Hs 
casting was launched to create a new market from the point of | 
view of economic activity; it is seldom used to provide a service |, 
which does not exist in some other form. As a result it has not) 
been wholly successful; the number of stations has declined} 
from about 700 in 1949 to about 500 at the present time. 
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SUMMARY 


Equipment and performance requirements for frequency-modulated 
oroadcasting transmission are given, with particular reference to the 
British Broadcasting Corporation’s recently introduced network of 
\v.h.f. transmitters. 

The general planning and design of the complete transmitting equip- 
ment used at the new high-power v.h.f. sites is surveyed, including 
sroblems of unattended operation, automatic phasing of paralleled 
amplifiers and 3-programme common-aerial working, to indicate the 
rogress made in this new field of broadcasting. 

The design features of a current 10kW f.m. transmitter operating in 
Sand II (87-5-100 Mc/s) are described, with special mention of the 
«method of generating the frequency-modulated carrier, its automatic 
sentre-frequency control and means for automatic phasing of the 
nigh-power amplifiers operated in parallel. Details are given of a 
sewly introduced system of transmitter control designed to increase 
yh service reliability, thus reducing the demands on the time of 
visiting maintenance personnel. 

_ Reference is made to the B.B.C.’s requirement of combining three 
independent 10kW f.m. carriers spaced 2:2Mc/s apart to feed 
pne half of a wideband horizontally polarized aerial, the other half 
peing fed with an identical set of transmitters kept in phase within a 
yew degrees. The necessary filter circuits, giving sensibly zero coupling 
détween transmitters and negligible crosstalk, are described. 

_ Overall performance figures are quoted. 


(1) INTRODUCTION 


At the International Telecommunications Conference held in 
Stockholm in 1952,! frequency allocations for broadcasting were 
made in the 87:5-100 Mc/s band, and these heralded a new epoch 
jn the history of sound broadcasting for Europe. Whilst at the 
jume of the Conference controversy still raged on the method of 
faodulation to be employed in the United Kingdom, many feel 
‘ratified that the ultimate choice fell on frequency modulation, 
/hus avoiding the loss, perhaps for all time, of the advantages of 
/his classic system of modulation and the opportunity of develop- 
mg broadcasting transmitter and receiver equipment in this 
particular field of endeavour. 

Frequency-modulated v.h.f. broadcasting and its associated 
iransmitting equipment does not constitute a new art. A net- 
ivork of f.m. transmitters has been in operation in the United 
States for many years, and since the war Western Germany has 
adopted this method of transmission for the rebuilding of its 
proadcasting service. The B.B.C.’s requirements for v.h.f. 
‘requency-modulation coverage of Britain, however, imposed 
apon the equipment designers a number of new problems which 
iv= reviewed in the paper. 

Apart from the high performance characteristics required for 
-he transmission chain, the B.B.C. equipment specification raised 
hree main problems. First, considerable emphasis was placed 
»e the necessity of the equipment being designed to work on a 
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strictly unattended basis, this condition to apply from the com- 
mencement of service. Secondly, in order to maintain continuity 
of the service to the listener, each transmitter was to be supplied 
in duplicate, the two high-power amplifier chains working in 
parallel and being kept in phase within a few degrees. Instan- 
taneous change-over of f.m. drive equipment was also required, 
in case of failure in this part of the equipment, or if the quality of 
the transmission fell below the required standard. Thirdly, three 
groups of these duplicate transmitters, operating on frequencies 
spaced 2:2 Mc/s apart and modulated by different programmes, 
were required to work into a common wide-band aerial without 
appreciable crosstalk or intermodulation. 

The overall scheme was ambitious in its concept but was 
obviously in keeping with the need, in view of the unsatisfactory 
state of medium-wave broadcasting, for launching 3-programme 
v.h.f. broadcasting in the minimum of time but in a sound and 
orderly manner.” 

Much thought has been put into the design of unattended and 
parallel-operated transmitter systems in the past decade, and 
experience gained in the medium-wave field gave some indication 
of the performance which might be expected from a v.h.f. system. 
It must be mentioned, however, that the designers’ problems in 
this particular case were greatly reduced by the B.B.C.’s adoption 
of the scheme of using two aerials, one for each group of trans- 
mitters, and combining the r.f. power in the radiation field. Such 
a system, when applied to a v.h.f. horizontally-polarized aerial 
divided into two with practically zero coupling between sections, 
has the great advantage that completely independent switching 
of any transmitter in either group becomes possible, thus simpli- 
fying controls and eliminating many transmitter protective 
devices which otherwise would be necessary. 

Combination in the aerial gives the same overall result as a 
bridge combining circuit, namely a loss of 6dB when one trans- 
mitter fails, 3dB being lost in power and 3dB in aerial gain. 
Dephasing of the two radiated outputs results in a change of 
radiated field pattern but leaves the transmitter output-impedance 
conditions unaffected. This is ideal for the operation of the 
transmitters, but in order to ensure the desired radiated field 
pattern at all times it was considered necessary to provide means 
whereby the phase difference between the aerial power feeds could 
be adjusted to, and maintained within, +5°. 

Since some difference in the electrical length of the two 
amplifier paths was to be expected, an initial phasing adjustment 
was essential, and whilst hand control for this was permitted by 
the specification, it was considered desirable to include means 
for controlling the phase difference automatically, since this 
would involve very little extra apparatus. The inclusion of this 
automatic phasing control would thus cater for any possible phase 
drift which might occur between hot and cold transmitters or 
which might arise from cumulative phase-shifts occurring in the 
amplifier tuned circuits, owing to slight maladjustment of tuning. 
Subsequent practical experience has shown that, after a short 
warming-up period, the differential phase-shift between identical 
amplifiers is very small. Coupled with the fact that the design 


[225 ] 


226 


limit of +5° tolerance is also unnecessarily stringent, auto- 
matic phase control is not an essential feature if hand setting and 
checking from time to time by the maintenance staff is permissible. 
It is considered, however, that the true concepts of the unattended 
station require automatic phasing control, if only to remove hand 
adjustments which otherwise might become a weekly, or even 
daily, routine, often masking slow drifts of phase or intermittent 
faults which might remain undetected until a major breakdown 
occurred. Future operating experience will enable the relative 
merits of the systems to be determined. 

The total radiated field strength required by the B.B.C., taking 
into account the twin aerials and losses in the transmission 
line and filters, necessitated a transmitter unit of 10kW output 
power, two such units operating in parallel to give a total power 
of 20kW on each of the three radiated programme frequencies. 
Since only one source of f.m. drive can be used with paralleled 
transmitters, it was necessary to divide each transmitter chain 
into two, namely an f.m. exciter unit and a power amplifier. 
In normal operation, both amplifiers are driven by one f.m. 
exciter, the other acting as a spare capable of instantaneous 
switch-over in case of failure of the working exciter. In the event 
of one amplifier being out of service, the second amplifier can be 
driven by either f.m. exciter. The electrical division of the 
transmitter chain was chosen at the 2-watt level, operating at 
one-third of the carrier frequency. The equipment necessary to 
raise the power level to 20 watts at the carrier frequency was, 
for convenience, mounted with the 2-watt drive equipment to 
form an f.m. exciter. The power-amplifier unit raises the power 
to 10kW in three stages. The use of two exciters and two 
amplifiers involves six working combinations; hence independent 
switching of exciters and amplifiers is essential to the overall 
scheme of operation. 

While the provision of duplicate equipment is the first essential 
requirement for the unattended station, a number of other factors 
influence the design of the transmitter, which must be operated 
either by time clock or by remote control without the presence 
of an operator. 

Up to the present time, transmitters of the conventional type 
have been put to this purpose, and these have followed a design 
practice built up over many years with the purpose of assisting 
the operating staff in the rapid diagnosis and rectification of 
faults. Often minute steps in the sequence of operation of the 
control circuit have been presented on illuminated mimic 
diagrams. Such diagrams have not only been indicative of the 
complexity of the control circuits used, but have also been a 
measure of the reliance placed on the separate control-circuit 
components. 

For the unattended station, sequential step-by-step starting 
with pushbutton control at various stages is, of course, unneces- 
sary, the sole criterion being whether the transmitter is capable 
of working correctly at full power normally. No intermediate 
measures are necessary, and for this reason the transmitter can 
be treated as a simple on/off device. 

Consideration of these factors has led to the introduction of a 
new method of transmitter control, embodying many simplifica- 
tions in the interests of reliability and also taking into due account 
the absence of operating personnel. In this new arrangement 
the sequential form of switching has been abandoned, and the 
transmitter is started by the slow application of mains voltage 
to the whole equipment. Thus, in the 10kW amplifier stages, 
air blowing, filament, screen and anode voltages are applied 
simultaneously by means of a specially designed drop-coil 
regulator, and reach their normal values in 30sec. By the 
adoption of this scheme it has been possible to eliminate all 
contactors, star-delta starters and fuses used for overload 
protection, all of which need considerable maintenance to ensure 
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reliable operation. Overload protection reduces to one ‘off’ 
circuit which trips the voltage regulator, its voltage being reduced 
to zero in one or two seconds. A similar principle is used for the 
f.m. exciter, the drop-coil regulator in each case serving both as 
a mains circuit-breaker and an automatic voltage regulator 
maintaining the voltage applied to the equipment within +1%, 


In addition to the simplification of control circuits and the} 


increased reliability obtained by the elimination of a.c. power 
components in which arcing takes place, it is anticipated that 
increased valve life will result from the slow application of the 
filament voltage and the avoidance of surges in the high-voltage 
anode supply. 

The combining of three separate 10kW carriers spaced 2:2 Me/s 
apart presented a difficult design problem, for it was necessary, 
not only to ensure minimum crosstalk and intermodulation 
between the three carriers, but also to prevent spillover into the 
adjacent band at both the upper and lower end of the broadcast 
range of 87-5-100 Mc/s. Provision was therefore made for the 
inclusion of notch filters to reduce this out-of-band radiation 
in addition to the usual harmonic filter in the output feeder of 
each transmitter. 

The main problem of combining the three carriers has been 
solved by the use of a bridge ring circuit—so far little used in this 
country—having the great advantage of simplicity, for its design 


is based on simple transmission-line theory using standard 


coaxial transmission-line construction throughout. » 
The composition and block schematic of the basic equipment 
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Fig. 1.—Block schematic of the basic equipment. 


in Fig. 1, and the performance and description of the equipment 
is given under the three main headings: 20-watt f.m. exciter, 
10kW power amplifier, and combining filter equipment. 


A typical layout of the equipment at one of the B.B.C. sites is 
shown in Fig, 2. 
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10 KW AMPLIFIERS 
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Fig. 2.—Typical layout of the equipment at a B.B.C. station. 


(2) PERFORMANCE SPECIFICATION 


The main details of the design specification of the equipment 
ure as follows: 


*sansmission Chain. 
Power output .. 
Frequency range 
Frequency stability 


10kW. 

87-5-100 Mc/s. 

Within +20 parts in 10° of the assigned 
centre frequency, with a tolerance of 
+5 parts in 106 when modulated 
+100 ke/s. 

75 ke/s normal, 100kc/s maximum. 

0 or 50 microsec. 


Frequency deviation .. 
Pre-emphasis .. 


at : 100kc/s 125kce/s 
_ A.F. distortion g 


80260ic/s se. 5% 3 _- 

60 c/s—10 ke/s eA ZY, BVA 

+0:5dB between 30c/s and 10ke/s 
without pre-emphasis. 

Better than —60dB relative to 75kc/s 
deviation for f.m. 

Better than —5OdB relative to the ampli- 
tude of unmodulated carrier. 

The amplitude modulation in the trans- 
mitter due to frequency modulation up 
to 75kc/s deviation not to exceed 2%. 

The amplitude of the carrier to remain 
constant within +2°%% for any modulat- 
ing frequency from 30c/s to 10kc/s up 
to 75kc/s deviation. 

The harmonic or sub-harmonic power 
generated in the transmitter not to 
exceed 200mW. 


A.F. response 


Residual noise 


Amplitude modulation 


R.F. harmonics 


-ombining Filters. 

For each group of three 10kW transmitters working on 
requencies f/,, f, and f; spaced 2:2Mc/s apart, two filters are 
equired: these operate in series, the first combining /, with / 
nd the second combining f, + f, with /3, giving a total output 
sower of 30kW. 

The filters were designed to have an insertion loss in the 
vorking band not exceeding 0-5dB. Crosstalk between any 
w9 transmitters was required to be better than 35 dB. 


(3) F.M. EXCITER EQUIPMENT 
(3.1) Choice of System 
Frequency modulation can be obtained in a number of ways 


i varying complexity. It may not generally be appreciated, 
ic wever, that high-quality broadcasting, with an audio-frequency 


range of 30c/s-10kc/s, imposes much more severe conditions 
than are normally met, especially in regard to centre-frequency 
stability and linearity of deviation. 

The limits imposed on centre-frequency stability indicated the 
use of crystals, either directly or for reference purposes. In the 
course of the design of the equipment it was concluded that any 
method using direct frequency modulation of a crystal would not 
attain the desired stability, because the frequency standard is 
lost in the presence of modulation. The choice fell to the well- 
established direct system,* in which the centre frequency of a free- 
running reactance-modulated oscillator is controlled by reference 
to alow-frequency crystal standard. The output of the modulated 
oscillator is applied to a frequency divider, which reduces the 
modulation index* to such a level that sidebands are virtually 
absent from the output, the centre frequency of which may then 
be compared continuously with that of the frequency standard. 
The principal advantage of this system is that the main f.m. 
transmission chain is independent of the centre-frequency control 
system, which can then give the stability obtainable from a 
conventional temperature-controlled crystal oscillator. 

The information obtained from this frequency comparison can 
be imparted either electrically or mechanically to the free-running 
oscillator. Here again, with the desire to separate as far as 
possible the functions of modulation and frequency control, a 
mechanical method of condenser tuning was chosen in preference 
to the electrical method of shifting the operating range of the 
reactance modulator. A further advantage of the mechanical 
system is that, should any part of the control circuits fail, the 
frequency remains at the last corrected value instead of falling 
to some arbitrary datum value. 

With the basic elements of the design established, the form of 
the equipment as related to the desire for unattended operation 
was carefully considered, and it was decided to adopt a unit 
construction for each major function. Whilst this process tends 
to increase the cost of the equipment, the flexibility obtained in 
manufacture, testing and operation is thought to justify the 
extra expense. Each unit, with known terminal conditions and 
a specific function to perform, is interchangeable with any other 
unit of the same type in a matter of seconds. By using this 
facility in a multiple-transmitter installation, the diagnosis of 
faults can be made quickly and reliably in a system which must 
be basically more complicated than that encountered in a.m. 
transmitter techniques. 
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PROGRAMME CONTROL 
PANEL 


EXT. TEST OSC. 


FREQUENCY |30-10000c/s 
IMPEDANCE | 6002 BAL. 


FUNCTIONS 


PRE-EMPHASIS 
INT, TEST. OSC. 
BUFFER 


SWITCHING 
ATTENUATION 


Radio frequencies correspond to a transmitter frequency of 90 Me/s. 
A.F. levels correspond to approximately 100% modulation. 


The composition of the f.m. exciter was influenced by the need 
for parallel operation of two 10kW amplifiers driven by one 
exciter and by the necessity for including phasing equipment. 
Since a completely automatic phasing system had been envisaged 
in the design, it was decided to control the phase at one-third of 
the final carrier frequency. In this manner, +60° shift, which 
is readily obtainable by a simple control circuit, would be 
increased to +180° at the transmitted frequency. Therefore, in 
addition to the basic drive equipment, which terminates in an 
output at one-third of the transmitted frequency, an automatic 
phasing unit and tripler amplifier were included in the exciter 
cabinet. 


(3.2) Drive Circuits 


Fig. 3 shows a block diagram of the basic circuits of the drive 
system, which involves only three electronic units. The pro- 
gramme passes through a control panel for switching and level 
control and thence is fed to the a.f. amplifier, which consists of 
an input transformer, a switched pre-emphasis circuit and a push- 
pull cathode-follower output. The modulated oscillator is 
operated by the a.f. signal, which is applied to the control grids 
of push-pull reactance valves; r.f. feedback is applied, via a link 
coupling from the oscillator tank circuit, to these same control 
grids, using a simple combining filter. The oscillator tank circuit 
incorporates a variable capacitor driven by a motor which is 
controlled by the a.f.c. system described in Section 3.3. The 
r.f. output is fed via a buffer amplifier to the frequency multiplier, 
which raises the centre frequency by a factor of 6 to one-third 
of the final carrier frequency and delivers an output of 2 watts 
in 50 ohms. 

The system adopted for the modulated oscillator, which is 
shown in Fig. 4, has certain features of considerable merit. The 
grid-fed modulator requires a.f. power at a level of only 1 volt 
r.m.s. (see Fig. 3) for 100% modulation of the carrier, an 
this sensitivity eliminates the need for any valves for amplification 
of the programme input. The modulation frequency response is 
then dependent only on the quality of the input transformer, 
and, at high frequencies, on the performance of the cathode- 
followers, which work into the capacitive load presented by the 
a.f.-r.f. combining filter. Common grid injection of a.f. and r.f. 
signals to the reactance valves is likely to give more consistent 
performance than injection into separate grids with unrelated 
characteristics, and the low-impedance a.f. source results in a 
very simple design for the a.f.-r.f. combining filter. The modu- 
lation distortion of the exciter is governed primarily by the 


20002 BAL. 
MASTER OSC. 
MODULATION AMPLIFICATION 


Fig. 3.—F.M. drive equipment: signal chain up to drive change-over. 
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FREQUENCY 
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MODULATED 
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MONITOR 
CIRCUITS 


CENTRE FREQ. 
CONTROL CIRCUITS 


Fig. 4.—Basic circuit of reactance-modulated oscillator. 


accuracy of phasing of the quadrature feedback to the reactance 


modulators. The link-coupled circuit was chosen because this 
arrangement enables the correct phase to be set up with ease and 
certainty. 


It is necessary only to tune the coupled circuit for 


maximum deviation with any given a.f. input, and the phase is - 
then established correctly. The distortion proves to be con- | 
sistently low. Amplitude modulation due to frequency modu- | 
lation is dependent on the accuracy of alignment of the r.f. 
circuits in the succeeding amplifiers and multipliers, and the 
Q-factors of these circuits were chosen to give low amplitude - 
modulation, apart from any limiting action, and as a result, | 


critical adjustments are not necessary for good performance. 


(3.3) Centre-Frequency Control Circuits 


The centre-frequency control system comprises the reference 
15 kc/s crystal oscillator, the frequency divider and the frequency 
comparator, as shown in Fig. 5. As explained in Section 3.1, 


FROM OUTPUT 
MODULATED OSC. 


TO MOTOR FIELD 
MODULATED OSC. 


FREQUENCY as 
COMPARATOR 


45kc/s REF. 


42-5 Mc/s 
CRYSTAL 


OSCILLATORS 
45ke/s 


Fig. 5.—Centre-frequency control circuits. 


The 15ke/s crystal is fixed, and independent of the selected transmission frequency. 

The other crystal is chosen to give 7:5 Mc/s when mixed with the modulated oscillator 
frequency corresponding to the selected transmission frequency; the 12-5 Mc/s shown 
corresponds to a transmission frequency of 90 Mc/s. 
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“he purpose of the frequency divider is to reduce the modulation 
index to such a low order that the sideband energy is negligible. 
A pretuned regenerative circuit was used for the frequency 
divider in preference to the RC type, because the tuned type 
gives a fixed division ratio which is not dependent on the setting 
of critical adjustments and is a triggered device which gives zero 
Dutput in the absence of an input signal rather than a free-running 
unsynchronized output; moreover the high input frequency 
makes the design of a simple RC type very difficult. 

The stability of the transmitted centre frequency is dependent 
on the stability of the two crystals in the oscillator unit, the law 
peing 


500 
em fen ey. ° ° . * . (1) 


where e = Error of the centre frequency, parts in 10°. 
e, = Error of the high frequency crystal, parts in 10°. 
e, = Error of the low frequency crystal, parts in 10°. 
fo = Nominal centre frequency of the oscillator, ke/s. 
ti ft = Nominal frequencies of the h.f. and Lf. crystals 
respectively, ke/s. 


Since f, and 500/; are each greater than fo, it follows that if 
tither crystal drifts on its own, or if they both drift in opposite 
directions, the resulting error is greater than that of either 
rystal or greater than the sum. It is an advantage if both 
~systals can be made to drift in the same direction, and, ideally, 
ie resultant error can be made zero if the following law is 
adopted: 
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In practice, the two crystals are operated in the same oven, 
vontrolled at 60°C, and the h.f. crystal is designed to have 
approximately the same temperature coefficient at 60°C as 
ihat of the lf. crystal. Under these conditions, the error in the 
ventre frequency due to crystal drift equals the error of either 
trystal on its own. The temperature coefficient is normally 
+bout —3 parts in 10° per deg. C, so that the oven, which is 
controlled to approximately +0-5°C, enables the specification 
of +20 parts in 10° to be met easily. The crystals may be 
capacitively trimmed for an initial fine frequency adjustment. 
_ Since the output frequency of the comparator (see Fig. 5) is 
Proportional to the error of centre frequency, the speed of 
vorrection given by the motor-operated condenser is also pro- 
portional to the error. This means that the correcting mechanism 
smoothly decelerates towards the position of zero error. The 
mean current supplied to the field windings of the motor remains 
constant, so that the output torque available at zero error is the 
same as that at any displacement. 

The response of the feedback system to a step-function error 
pf f,c/s on the oscillator centre frequency is of the form 


ea re eer ea otc 33) 


where f is the instantaneous frequency error at time fsec after 
the application of the step, and K is a constant embracing the 
division ratio of the frequency divider, the number of poles in the 
motor, the motor/condenser-shaft gear ratio and the tank-circuit 
capacitance introduced per unit of rotation of the condenser shaft. 

The time-constant of the system may be defined in a conven- 
tienal manner as the time which would be required to correct 
the initial error to zero if the speed of correction remained 
censtant at its starting value. According to this definition it 
anay be shown that the time-constant, 7, is given by 
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It might therefore appear that a variety of parameters are 
available for adjusting the time-constant to any desired value. 
The mode of operation of the motor, however, is such that the 
rotor moves in finite steps from pole to pole, rather than in a 
continuous motion, and this leads to a value, denoted by f,, for 
the smallest step correction of frequency obtainable in terms of 
the number of poles, the gear ratio and the circuit capacitance 
per unit of shaft rotation. When this value is inserted in eqn. (4) 
the expression for the time-constant reduces to 

anes 
4f, 
where d is the division ratio of the frequency divider. 

Now d is fixed at 500 from considerations of modulation index 
reduction as discussed earlier, so the time-constant is shown to 
be fixed entirely by f,. Since the total error frequency permitted 
by the specification is 20 parts in 10°, it was considered that the 
correction steps should not exceed 2 parts in 10°. At an oscillator 
frequency of 5 Mc/s, f, is therefore 10c/s, which fixes the time- 
constant at 12-5sec. 

The maximum step-function error which the system is capable 
of correcting is dependent on the maximum starting speed of the 
motor rather than on the bandwidth of the frequency divider or 
of other circuits in the loop. The motors used will start reliably 
up to 50c/s, which means that a step-function error on the 
oscillator frequency of +50 x 500 — + 25000c/s may be 
corrected. In terms of the centre frequency of the final carrier, 
the pull-in range is +0-45 Mc/s. 


(5) 


(3.4) Drive Change-over Equipment 


The units already described constitute the basic f.m. drive 
system. Since the two 10kW amplifiers must remain closely in 
phase at all times, they must both be driven from the same 
source, and for reliability the duplicate drive in the second exciter 
is run as a standby. The two drives are brought into a change- 
over system, which supplies both amplifiers from one drive, 
while the other feeds an artificial load. 

The drive change-over units, which incorporate control and 
indication systems, are different in the two exciters, A and B. 
The r.f. switches, all in one exciter, are coaxial relays operated 
by the 50-volt control system. There is provision for manual 
patching, so that either drive may be arranged to feed either or 
both amplifiers. 

Subsequent to the drive change-over all units are functionally 
associated with one of the main amplifiers, and their power supply 
originates in this amplifier. For convenience, and because they 
are similar in electrical and physical scale to the exciter units, 
the phasing unit and the final tripler for each amplifier (A and B) 
are located in the similarly coded exciter cabinet. 


(3.5) Phasing Unit and Final Tripler 


Since the two amplifier systems are likely to have different 
time delays, and it was anticipated that these delays might be 
subject to differential changes while in operation, a phasing unit 
is employed. This unit is designed to give +180° phase change 
in the final output of the amplifier, and this change can be made 
either automatically or manually through a motor drive. In 
order to facilitate this degree of control, the unit is placed at the 
beginning of the amplifier chain where the operating frequency 
is one-third of the carrier frequency, thus requiring a phase con- 
trol of only +60° to give the required range. At this frequency 
the constant-impedance type of phasing network proved to be 
unsatisfactory, owing to the difficulty of realizing sufficiently pure 
resistances and reactances, and so a simple damped tuned circuit 
was used, with the capacitor as the variable phasing element. 

10 
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Since a phase range of +60° by this method involves a 2: 1 
variation of circuit impedance, a limiting amplifier was used to 
keep the output drive constant. Separate 50- and 100-ohm 
inputs are provided, these being coupled through independent 
attenuators to a common point on the input tuned circuit. 
These attenuators have an equal voltage loss, and since 2 watts 
at 50 ohms are available from the drive for a single phasing unit, 
and 1 watt at 100 ohms when two phasing units are fed in 
parallel, the first stage is driven at the same level in either mode 
of operation. The attenuators effectively buffer the input from 
the grid tuned circuit and thus decouple the two phasing units 
from each other when driven in parallel. 

The final tripler provides the necessary 20 watts of carrier- 
frequency power to feed the first stage of the main power 
amplifier. It is fed with 2 watts in SO ohms, normally from a 
phasing unit, but, if necessary, directly from a drive (frequency 
multiplier), with or without the drive change-over system in 
circuit. The unit comprises a tripler and two amplifier stages, 
the last of which is a neutralized tetrode used with a z-type 
output circuit, which assists the reduction of carrier harmonics. 


(3.6) Automatic Phase-Control System 


The phase-control system was designed to maintain sensibly 
zero phase difference between the two feeder currents energizing 
the twin aerials. A tolerance of +5° difference was considered 
permissible, since this would have no appreciable effect on the 
field pattern. For the purposes of automatic control it was 
necessary to provide reference measurement points in each 
feeder and, by means of a discriminator, to pass the necessary 
information on phase-angle difference in the form of a d.c. signal 
to operate the phase-unit control motor mentioned in Section 3.5. 

Phase reference points at or near the aerial would have been 
impracticable, and difficulties would have been encountered in 
separating the three carriers present—a condition which would 
have necessitated the undesirable use of tuned circuits and filters 
in the discriminator. Since little differential phase difference 
was expected to occur in the feeders or filters, reference points 
were chosen at the output of each 10kW amplifier, thus enabling 
the use of a single frequency discriminator for each twin- 
transmitter assembly. 

From the reference point at the output of one transmitter are 
fed two 100-ohm lines, differing in electrical length by 180°, 
to provide a push-pull input to the discriminator. From the 
reference point on the other transmitter is fed a single 100-ohm 
line of such a length as to provide a quadrature phase relation- 
ship with the other two when the aerials are driven in phase. 
Each of these three inputs is terminated in a 100-ohm coaxial 
load, and rectifiers measure the difference between the quadrature 
signal and each of the push-pull signals. After suitable filtering 
the rectified d.c. signal is fed to one of the phasing units in order 
to control the circuits which operate the phase-correcting motor. 
It will be seen that all necessary phase relationships are deter- 
mined once and for all by selecting appropriate lengths of con- 
necting cable, and therefore the possibility of obtaining phase 
drifts in the feedback path is eliminated. 

With this system the possibility of phasing the transmitters 
incorrectly at 180° instead of 0° exists from two causes. In the 
first case, if the transmitters should by chance be phased to 180° 
with respect to each other, the discriminator will give zero output 
just as if the phase difference were 0°. This, however, is a con- 
dition of unstable equilibrium, since any slight drift of phase 
will cause the motor to rotate the phase so as to reduce the phase 
difference still further until the correct 0° lock-in position is 
reached. The possibility of settling on the condition of unstable 
equilibrium is considered to be remote, and therefore no extra 
circuit complication was introduced on this account. The 


BECK, NORBURY AND STORR-BEST: FREQUENCY-MODULATED V.H.F. TRANSMITTER TECHNIQUE 


second cause of incorrect phasing is more serious and arises from 
the fact that, when the rotor vanes of the correcting condenser 
have passed through half a revolution, the sense of capacitance 
change versus shaft rotation is reversed and therefore the stable 
and unstable equilibria of the system become interchanged, 
Thus it is possible to lock on the incorrect 180° condition. To 
remove this possibility, contacts were applied, in association with 
an alarm, to limit the rotation of the condenser to the maximum 
permissible range of half a revolution. 


The basic overall system of phase control is shown in Fig. 6. 


In practice, one phasing unit is used as a manual control whilst 
the other operates automatically from the information supplied 
by the discriminator. 
desired in-phase relationship at the aerials is obtained even when 
a cold transmitter is switched on in parallel with a hot trans- 
mitter, the phasing control taking charge from the moment of 
switching on. 


(3.7) Monitoring 
F.M. demodulators may be regarded as falling into three 
categories of design, as shown in Table 1. 


Table 1 
F.M. DEMODULATORS 


Type of detector 


Prime requirement 


The scheme adopted ensures that the’ 


Automatic monitor- 
ing 

General-purpose 
listening 


Exceptionally high 
reliability 

Performance and ser- 
viceability of good- 


Two tuned circuit: | 


tite 


Foster-Seeley phase | 


discriminator: 


superheterodyne 
RC counter: super- | 
heterodyne | 


quality receiver 
Exceptionally low 
distortion 


Measurement 


Two types of demodulator were required by the B.B.C. for } 
The first was to monitor the drive | 
output and to form part of an automatic system which would | 
take the responsibility of deciding whether the performance was } 
satisfactory on the drive in use or whether the reserve drive | 


use with these transmitters. 


should be substituted. This was a case for the first type of 
demodulator listed in Table 1. 


amplifier stages in the transmitter. In this way, a reduction in 


the power output of the transmitter due to a fall in drive level | 


would be reflected in a proportional drop in the level of a.f. 
output from the demodulator. 


dummy load to the phasing unit inputs on drive change-over. 


It should be noted that the design problems of this demodulator | 
were considerably eased by the fact that the drive output frequency 


is one-third of that of the final carrier. 

The second demodulator is for the output of the transmitter, 
and is to be used as a general-purpose listening monitor. 
the expense of the third type of unit given in Table 1 was not 


thought to be warranted, the choice fell on the second type, which — 
is considerably easier to align and to design at input frequencies 


up to 100 Mc/s than the first type. The procedure for realign- 
ment on a new channel involves only the substitution of a new 


For the sake of reliability, which } 
must be better than that of the drive being monitored, the valves | 
were kept to a minimum and consisted of a limiting amplifier, | 
a double-diode detector and two push-pull a.f. amplifier stages. | 
It would appear that the ideal limiting characteristic would | 
closely approximate the amplitude response of the succeeding 


However, it was thought that ) 
this ideal was too difficult to achieve with consistency and without | 
day-to-day adjustments, and so a single limiter was used and | 
operated beyond its knee. A practical advantage of this arrange- | 
ment was that the level of a.f. output was unaffected by the small | 
change in drive voltage obtained when switching from the | 


Since — 
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Fig. 6.—Automatic phase-control system. 


iystal and the retuning of a small number of independent circuits 
ior peak readings. Each type of demodulator is followed by an 
dentical detector unit for monitoring peak deviation. 

In the exciter, r.f. monitoring points are provided at the 
0-watt output stage and at the drive output. These deliver 
‘iodulated carrier power at a level of not less than 2 volts r.m.s. 
into 75 ohms. In the latter case, since the drive output is at one- 
inird of the final frequency, a multiplier is inserted to bring the 
requency up to the Band II range. 

A null detector is supplied for the purpose of aligning devia- 
jon meters to 100% modulation by the Bessel zero method.° 
The necessary audio tone source, of predetermined frequency, is 
ruilt into the a.f. amplifier strip and may be selected by operation 
if a key on the control panel. The null detector is effectively a 
rystal-controlled superheterodyne with a tunable c.w. oscillator. 
An m-derived low-pass filter, cutting off sharply at 500c/s and 
‘onstructed with ferrite-cored coils, is used to filter off sidebands 
vyhen the centre frequency is modulated. 


(3.8) Power Equipment 


_ The power system is similar to that used for the main amplifiers 
f the transmitter, but in miniature. A small voltage regulator 
see Section 4.3) is used for the drive units, so that these are 
ndependent of transmitter switching and will remain on in the 
vent of either transmitter of a parallel pair going out of service. 
“he phasing unit and the tripler amplifier, being part of the 
sarallel chain, are operated from the regulator of the relevant 
rensmitter. A similar system of a.c. and d.c. overload circuits 
= used, those belonging to the drive units working into the trip 
ircuit of the small regulator in the exciter, and those for the 
eramainder working into the trip circuit of the large regulator. 
‘he power units are of conventional design, the h.v. supply 
© 1g stabilized for the drive units and unregulated for the 
4sing unit and tripler amplifier. 


(3.9) Construction 


The concept of a good form of mechanical construction was 
considered to be one of the major problems of design. The 
aims were to produce an equipment which would be easily 
accessible during operation and yet would not expose dangerous 
points, which would have units arranged in a logical functional 
sequence and yet present a neat physical appearance, which would 
be compact and yet be adequately cooled. The cabinets have a 
hinged frame which can be swung open during use, without 
disturbance to the service, in order to obtain access to the rear 
of the strip units and to the other panels. All live points are 
covered, but by removal of a labelled panel, inspection and test 
is possible with the supplies connected. All valves and preset 
adjustments are accessible from the front of the units with perfect 
safety. As regards the second aim, by good fortune the physical 
composition of the various units allowed a logical and neat 
arrangement. The top six vertical units constitute the drive 
section, and include three main transmission units and three 
centre-frequency control units. Of the lower six vertical units, 
the left-hand four are monitoring circuits and the last two are 
the phasing unit and tripler amplifier. To provide adequate 
cooling, a blower is fitted into the base and supplies filtered air to 
the power units at the rear and to the hinged box frame of r.f. 
units. The power units are of horizontal-chassis vertical-panel 
construction and mount into a standard 19in rack at the rear 
of the cabinet. 


(3.10) Typical Performance 


87-5-100 Mc/s. 

20-25 watts into 50 ohms. 

30c/s-15kce/s within +0-5dB of response 
at 400 c/s, measured at 100% modulation, 
+75 kc/s deviation. 


Frequency range 

Power output 

A.F. response (with- 
out pre-emphasis) 


232 


A.F., distortion 

Intermodulation pro- 
ducts: (With pre- 
emphasis input and 
de-emphasis at out- 
put) 


See Fig. 7. 

Measurements of intermodulation products 
of the second and third order were made, 
over the range 4-15kc/s, by the simulta- 
neous application of two a.f. signals of 
equal level and differing by 75 c/s. Results 
were obtained for both 100 and 135% 
peak carrier deviation. At 100% peak 
deviation the maximum low-frequency 
second-order intermodulation product 
corresponded to 0:15°% modulation and 
the maximum third-order product was 
measured as 0:03% modulation. At 
133% peak deviation similar results were 
obtained for the third-order products, 
but the low-frequency second-order 
product rose from 0-2 to 0:5% of nomi- 
nal full deviation, for modulating fre- 
quencies between 10 and 15kc/s. 

—68dB with respect to 100% modulation 
at 400c/s. 

—56dB relative to unmodulated centre 
frequency. 

1:5% at 60c/s; 1:7% at 400c/s; 1-85 % at 
10 ke/s. 

Less than 2:5 parts in 106 for all modulation 
frequencies between 20c/s and 15 ke/s. 


F.M. noise 
A.M. noise 


A.M. due to 100% 
f.m. 

Centre-frequency shift 
due to 133% f.m. 


Rho 
a 


—- 
i=) 


HARMONIC DISTORTIO 


0 x 
30 6 100 400 


4000 
AUDIO. FREQUENCY, c/s 
Fig. 7.—A.F. distortion of the drive equipment. 


(4) THE AMPLIFIER 


The r.f. power-amplifier equipment raises the power level of 
the modulated carrier from the 20 watts available at the output 
of the exciter to 10kW delivered to the output 51-5-ohm feeder. 

Three stages of amplification were decided upon, using valves 
which were suitable for 100 Mc/s operation and which would 
ensure that the required overall power gain would be realized 
with adequate reserve in each stage, while also suiting the simul- 
taneous requirement for a range of transmitters of powers of the 
order of 1, 3 and 10kW, obtainable by using one, two or three 
stages. 

Valves already in production were chosen, namely a 1-5kW 
tetrode (4H/181E) for the first stage, followed by two earthed- 
grid stages in series, using a 2kW triode (3J/161J) and a 9kW 
triode (3J/210E). All three valves are air-blast cooled and have 
a.c.-heated thoriated-tungsten filaments. 

The three stages operate in class C at direct anode voltages of 
2:5kV, for the first two stages and 6kV for the final stage, 
giving a power gain of 40 for the first stage and more moderate 
gains of 3 and 6 respectively for the penultimate and final stages. 

The main characteristics of these valves and their operating 
conditions are given in Table 2. 


(4.1) Coaxial-Line Amplifiers 


These valves are used in coaxial-line tuners having some novel 
characteristics as regards construction and operating conditions. 
The final form of coaxial tuner is of square base section with 
one side acting as an access door—a construction adopted after 
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Table 2 

VALVE CHARACTERISTICS | 
4A/181E 3U/161S 3J/201E 
tetrode triode triode 

Filament voltage, volts .. ee 5 5 5 
Filament current, amp .. 225 40 125 
Emission current, amp . . Bs 5 1S) 25 | 
Mutual conductance, mA/volt. . 10 13 17 
Input capacitance, pF .. a 36 22 (G-F) 33 (G-B)yy 
Output capacitance, pF ae 13 15(A-G) 32(A-G) } 
Feedback capacitance, pF .. 0:15 (A-G) 0:25 (A-F) 0-7 (A-F) | 

Direct anode voltage, kV ae Des 7105) 6:0 
Anode current,amp .. oe 0-36 0:82 2°3 

Air flow, ft3/min sid ae 25 50 600 
Stage output, kW ; 0:6 1°75 10-5 

Anode efficiency, % 67 68-5 70 
—-la 
Ts CATHODE 
1 & A.C. 
> 
GRID | 

TUNING 
RE 
INPUT 
RF. 
OUTPUT 

tr Sareea] | 


ANODE 
TUNING 


at < ipa +" 


AIR FLOW 


+ - 
ANODE HT 
SUPPLY 
Fig. 8.—Power amplifier. 


i OUTPUT . 
S\_|COUPLING | 

No 

tf eee) _ 


an original cylindrical prototype had been tested but discarded 
as mechanically unsuitable and impracticable for servicing and 
valve replacement. ' 

The final-stage amplifier is shown schematically in Fig. 8 as’ 
being typical of the circuit techniques used, and the main features 
of the coaxial-line amplifiers are given below. | 

By the adoption of a double-wall outer construction for the: 
coaxial-line cavities, each anode circuit is provided with a low-: 
impedance r.f. path to the earthed outer plate, thus avoiding! 
the use of a lumped capacitor for anode-voltage blocking and: 
the need to pass the high r.f. circulating current. 

In the penultimate and final stages the direct earthing of the: 
grid to r.f. and d.c. supplies has avoided the use of a grid blocking: 
and neutralizing capacitor passing the combined input and out 
put r.f. circulating currents; such a capacitor presents a difficult 
design problem and always constitutes a breakdown hazard. 
Thus, by completely separating the input and output circulating: 
currents in the external circuits, the only feedback coupling 
impedance remaining is that within the valve—which is sufficiently: 
high to ensure stability without neutralizing or added damping 
resistances. ? 

For the first-stage tetrode both neutralizing and input damping 
were necessary, partly because of the necessity to use grid, 
filament and screen by-pass capacitors to block the polarizing 
voltages, thereby introducing feedback coupling impedances, 
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ut mainly due to the high operating Q-factor of the tetrode 
mput circuit. 

Neutralizing is effected by rotating an inductive pick-up loop 
n the anode cavity, the loop being connected between grid and 
varth. An adjustable amount of damping is coupled into the 
put cavity, the damping resistor forming part of an inductive 
‘oop, by which means the application of damping causes 
negligible detuning of the input circuit. As a result, for one 
etting of damping and neutralizing the amplifier is stable over 
‘he whole tuning range. 

With the exception of the final-stage anode circuit, frequency 
soverage for 87-5-100 Mc/s is obtained in each of the tuned 
‘irenits by rotating an off-tuned loop in the cavity field. The 


TUNED TO 
2nd HARMONIC 


Each cabinet is individually equipped with valve air-blowers 
and inlet-air filters, filament transformers, a.c. and d.c. power- 
distribution overload-protection relays, air-flow-failure trip 
relays, and a safety earthing and isolating switch mechanically 
interlocked with the front and rear doors of the cabinet. 


(4.2) Transmitter Auxiliaries 


From the 10kW amplifier the output power is conveyed to the 
combining filter by a 51-5-ohm air-spaced coaxial copper-tube 
transmission line of 13 in external diameter. Apparatus mounted 
in this line includes the harmonic filter, the output monitor, the 
test load and a hand-operated change-over switch connecting the 
feeder either to the test load or to the combining filter. 


TUNED TO 
3rd HARMONIC | 


= 


S450. 
FEEDER 
TO AERIAL 


Fig. 9.—Harmonic filter. 


‘esonant frequency of the cavity alone is made slightly above the 
nighest operating frequency. The loop is resonant at a higher 
requency outside the band, and couples a positive reactance into 
he cavity to resonate it at a lower frequency. By this means 
he shortest fixed-length cavities are possible, with resulting 
sonstructional simplicity, sliding contacts carrying the high r.f. 
sirculating current are avoided, and tuning over the full frequency 
‘ange can be accomplished by 90° rotation of the loops. This is 
»erformed by motors operated from the front of the transmitter. 

The loops, at maximum coupling, carry a high circulating 
‘urrent, correspondingly high voltages being developed, depend- 
ng on the extent of the frequency range covered and the value 
of the circulating current in the cavity. To avoid troubles from 
*xcessively high voltage in the final-stage anode circuit, this is 
‘oarse tuned by presetting the length of the cavity, fine tuning 
yeing obtained by rotating an untuned loop. 

Since an f.m. amplifier may be operated in class C with con- 
‘tant grid and anode currents, simplification and reliability can 
xe obtained by dispensing with fixed d.c. bias supplies. Each 
tage is self-biased, utilizing part grid-current and part cathode- 
turrent bias, the latter—at the expense of approximately 4% in 
werall power consumption—being adequate to keep the anode 
current within permissible anode-dissipation limits without r.f. 
jrive. The bias resistors are mounted in the forced-air ducts. 
Valves are easily removed by lowering the centre anode- 
upport column, thus dropping the valve away from the fixed 
issembly of grid and filament spring contacts. It is thereby 
mmecessary to make any disconnections, with the attendant 
jlanger of loose contact or contact damage occurring on valve 
eplacement. For the final-stage valve, which weighs 22 1b, the 
aising and lowering is aided by a hand-operated lead-screw 
nechanism. 

The first two stages are mounted in a single cabinet, which 
iso contains the 3-phase full-wave selenium rectifiers for the 
--3kV anode supplies and the 500-volt d.c. screen supply. The 
mal stage is mounted in a separate cabinet, together with a 
chase full-wave rectifier for the 6kV anode supply using six 
/32 xenon rectifiers. 


A cross-section of the harmonic filter is shown in Fig. 9. 
This is a coaxial transmission-line-derived low-pass filter circuit 
comprising an intermediate T-section and two m-derived ter- 
minating half-sections, the series-resonant shunt arms of which 
are adjusted to give maximum attenuation at the second and 
third harmonic frequencies respectively. The filter is designed 
around the mean frequency of the f.m. band with m = 2/3 and 
cut-off at 140Mc/s. A linear phase-shift/frequency charac- 
teristic is obtained over the transmission band. The attenuation 
characteristic is very sharply peaked at the second and third 
harmonics of the carrier frequency (94:3 Mc/s), and the attenua- 
tion is better than 40 dB at all frequencies above about 180 Mc/s. 
The output monitor is a short length of coaxial line containing 
two pairs of directional couplers, one pair of which operates, 
through crystal diodes, a d.c. meter indicating directly the 
reflection coefficient of the impedance mismatch on the line. 
The loops give a directivity better than 35dB, so permitting 
accurate measurement of reflection down to 2%. The other pair 
works into thermocouples to operate a microammeter giving an 
indication proportional to the true power level in the line. The 
meter is calibrated in kilowatts and against a calorimetric 
measurement of power absorbed in the test load. The additional 
information obtained from a voltage probe at a known electrical 
distance from the load end of the monitor, and the change in its 
reading on depressing a susceptance plunger into the line, 
enables the amplitude and sign of the load impedance to be 
calculated. 

Fig. 10 shows a cross-section of the test load. This is a short 
cylindrical resistance element, approximately 0-03A long, with 
a coaxially spaced screening jacket connected to the resistor at 
one end and forming a short-circuited dissipative coaxial trans- 
mission line. The resistance element consists of a column of 
aqueous solution of sodium-bicarbonate circulating through two 
concentric insulating tubes. The power is thus dissipated 
directly in the solution, extending very considerably the power- 
handling capacity of the load; this is determined mainly by the 
rating of the associated coolant-circulating and heat-exchanget 
equipment, which is designed to dissipate up to 40kW. It is 
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Fig. 10.—Wide-band test load. 


used as test load for a 10kW transmitter or for the combined 
output of 30kW. 

To ensure constant resistance the solution is maintained at 
60° + 0:5°C. The resistance column exhibits high shunting 
capacitance, but this can be compensated for by adjusting the 
diameter of the enclosing coaxial jacket. This adjustment is 
designed to give a pure resistance of 51-5 ohms at the mean 
frequency of the operating load. The resulting impedance 
variation over the whole band is within a standing-wave ratio 
of 1-02. 


(4.3) Power Control 


The control circuit and the method of applying the power 
supplies to the amplifiers are based on the use of a specially 
designed and new form of a.c. regulator. The basic ideas 
prompting the use of such a device were, first, to eliminate all 
contactors and fuses from the power-distribution circuits, and 
secondly, to produce a single on-off type of control circuit 
devoid of any form of sequential starting processes. In this form 
of control all a.c. supplies are switched on at zero voltage and 
attain their full working level in 30sec. In this way, air-blowing, 
filament, screen and anode supplies are switched on simul- 
taneously, and all supplies are switched off in the event of an 
overload in any part of the circuit. 

The special a.c. regulator used for this purpose is a develop- 
ment of the moving-coil regulator,’ which can be made to vary 
the output voltage from zero to full voltage by a relatively small 
movement of a heavy short-circuited coil along a transformer 
winding. By incorporating a magnetic clutch and motor drive 
it has been possible to perform three functions, namely slow 
application of voltage, voltage regulation to within +1°%% at the 
full voltage position and (by relying on a gravity-assisted drop 
of the short-circuited coils) to provide a circuit breaker which 
reduces the output voltage to zero within 1 sec. The reaction of 
the forces in the regulator is such that, on short-circuit, gravity 
is assisted and a faster break ensues. Each regulator is tested 
for short-circuit performance. 

Fig. 11 shows an oscillogram recording of the regulator 
tripping on no-load, on full-load and on short-circuit. In the 
latter case the short-circuit is substantially cleared in 0-4sec and 
the current maximum is approximately seven times the full-load 
value. This degree of short-circuit current limitation is par- 
ticularly important in respect of transmitter protection. 

Fig. 12 shows the basic concept of the regulator operation and 
the control circuit used for the transmitter switching and over- 
load protection. 

The regulator provides the 50-volt d.c. control supply and its 
magnetic-clutch supply direct from its primary terminals. 

The main regulator control relay is the usual sensitive astatic 
voltage relay connected across the output of the regulator which 
selects the direction of rotation of the driving motor to raise or 
lower voltage. 
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Fig. 11.— Variation of output current (upper trace) and voltage (lower 
trace) during dropping of the regulator from maximum-boost 
position. 

(a) No load. 
(b) Full load; initial current, 44 amp. 
(c) Short-circuit applied; initial current, 44amp. 


The ‘on’ control time-clock switch completes the clutch- | 
energizing circuit and the driving-motor circuit to raise voltage, | 
and, provided that normal conditions exist in the transmitter | 
protective circuits, the regulator increases its output voltage to | 
100% and maintains it within +1°% of that value for mains-} 
voltage variations up to +6% and —10% about the nominal. | 
On reaching the 10% boost position a maximum limit switch is | 
operated, cutting off the motor supply, and any further reduction | 
in mains voltage causes a corresponding reduction in output | 
voltage. 

All transmitter power-supply circuits are connected to the 
output terminals of the regulator via current transformers, each | 
of which feeds a bridge rectifier and thence a sealed relay | 
adjusted to operate at a certain overload current. The relay 
contacts in parallel operate the regulator lock-out relay, the 
mercury-tilt contacts of which de-energize the regulator drive 
clutch and defeat the time-clock ‘on’ circuit. The regulator 
cannot then be re-applied until the lock-out relay is reset, which 
is effected by a pushbutton switch. Each amplifier valve is 
protected by a d.c. cathode-current relay, and to cater for the’ 
possibility of self-clearing transient overloads occurring in the 
amplifiers, these relay contacts operate a recycling circuit which 
causes the regulator to release and re-apply itself twice, the 
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Fig. 12.—Schematic of regulator control. 


persistence of the overload causing the third release to operate 
(he lock-out relay. 

Separate lamp indication is given of the a.c. or d.c. overload 
sausing the release. 

The air-flow-failure relays operate into the lock-out relay, but 
ure held off during the starting-up period by a voltage relay until 
75% voltage is reached, when the air flow should be near normal 
und by which time negligible heating will have occurred in 
the valves. 

The safety isolator switches on the amplifier cabinets and the 
putput-feeder change-over switches are locked in the normal 
working position by solenoid-operated bolts energized by the 
)0-volt supply from the regulator, and are free to move only 
when the regulator has been released. Conversely, the regulator 
an be started up only when these switches are in the normal 
working condition. 

The regulator is equipped with no-volt.and over-voltage pro- 
section and releases on failure of any phase of the mains supply. 

An added refinement is the provision of a boosting supply for 
the rectifier valve filaments. These are run continuously at 80% 
»f their filament voltage, fed from a constant-voltage transformer 
/onnected to the mains side of the regulator, and are increased 
their full voltage in the 30sec running-up period of the 
egulator. 

The input power required by the complete amplifier, including 
he regulator, is approximately 22kW for 10kW r.f. output, 
wiving an overall efficiency of 45:5 %. 


: (5) THE COMBINING FILTERS 

Filter circuits are introduced between the outputs of each 
sroup of three transmitters and their respective aerial feeders to 
mable the three f.m. carriers, each of 10kW and spaced 2:2 Mc/s 
“part, to be fed into the twin aerials without appreciable cross- 
medulation, which would otherwise give rise to spurious radia- 
icas. Since the coupling between the two halves of the aerial 
very low (60 dB), it is evident (from Fig. 1) that the two groups 
of transmitters and filters are completely independent and as a 
*sasequence become identical in physical and electrical charac- 


teristics. The following description of the filter circuits is 
therefore confined to one group only, bearing in mind that 
design problems influencing the parallel operation of the two 
groups of equipment are concerned first with keeping the phase 
shift between the output of each transmitter and the aerial feeders 
equal in the two halves, and secondly with ensuring that the 
differential phase-shift between the two groups of filters remains 
within reasonable limits under all operating conditions. The 
former requirement is readily satisfied by exact coaxial line 
plumbing, and the latter involves the stability of any frequency- 
sensitive tuned circuits embodied in the filters. 

Since the bandwidth occupied by each transmission is relatively 
narrow, the combining of two such sound carriers (f; and /) 
could be carried out by the use of a notch-type filter, which is a 
modification of the constant-resistance type m-derived filter 
realized in coaxial-line form. With the frequency spacing in use, 
i.e. 2-2 Mc/s in 100 Mc/s, a high degree of attenuation in the stop 
bands could be obtained with a low insertion loss in the pass 
bands. However, when a third transmission, f3, has to be 
added to those already combined (f; and f,), the filter takes on 
the characteristics more of a combining unit for a wide-band 
system, such as the diplexer for combining the vision and sound 
carriers of a television equipment. 

Such wide-band filters have in the past generally been designed 
round a Maxwell or a Wheatstone bridge modified for v.h.f. 
working or by the use of constant-resistance-type filter networks. 
The filter eventually adopted for these transmitters is based on 
bridge technique and is called the ‘bridge-ring circuit’. This 
consists essentially of a re-entrant coaxial line 2A in length, to 
which are added two identical frequency-sensitive elements in 
the form of 4A stub-type resonators. A filter for combining two 
carriers, f,; and fj, spaced 2-2Mc/s apart on these lines is 
illustrated in Fig. 13, indicating the type of coaxial structure. 
The operation of the circuit is best described by considering each 
carrier in turn. At frequency f, the $A stub resonators present 
open-circuits at points A and D, and the circuit reduces to a 
simple re-entrant line. Power at f, fed to the line at point C 
reaches any other point in the bridge through two parallel paths. 
Where the path lengths differ by odd multiples of 4A, voltage 
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Fig. 13.— Circuit of bridge-ring filter. 


cancellation takes place, owing to the 180° relative phase-shift. 
It will therefore be seen that no power is delivered either to the 
balancing load, B, or to the input terminals for /,, F, since the 
path differences are 3A and 4A respectively. The full power 
at f, (less resonator losses) is delivered to the aerial load, since 
in this case the path difference is A. 

The bandwidth in this mode of operation of the filter is sufficient 
to ensure the attainment of a level of 45-50 dB crosstalk from the 
input at /; to the output of f; over f; + 1 Mc/s with less than 
20 watts absorbed in the balancing load. 

At frequency f; the 4A resonators, by inversion through the 
lines AF and DE, produce high impedances at points F and E. 
Power at f; is therefore delivered to the load R through a 3A 
line across which the rest of the bridge forms two parallel shunt 
impedances of high value in relation to the line impedance. 
Any power delivered to the bridge through these shunts is subject 
to the same process of voltage cancellation at the input of f,, 
thus further decreasing the crosstalk. The power delivered to 
the balancing load is about 100-150 watts. 

The bandwidth in this mode of operation is greater, and cross- 
talk levels of 45-SOdB can be obtained over f,; + 2:5 Me/s. 
This mode is therefore chosen for combining f; and f, with f; 
in a second similar filter circuit. 

The coaxial line is made in 3in-bore copper tube with a 


ADJUSTABLE CAPACITANCE 


12in outside-diameter inner, giving a characteristic impedance 
of 51-5 ohms. To allow for small adjustments in the length of: 
the bridge lines, small air-dielectric tuning condensers are 
included at each 4A junction. 

The balancing load Rg (which is liquid immersed and capable 
of dissipating 300 watts) serves no particular purpose at the 
carrier frequencies, when the filter is terminated in a pure 
resistance of 51:5 ohms. It does, however, assist in balancing 
the bridge over a wider frequency range, thus maintaining a more 
constant resistance/frequency characteristic. Minimum values 
of crosstalk can also be obtained by adjusting the load to be 
equal to the aerial load should this not be purely resistive, and 
stubs are included in the balancing-load line for this purpose. _ 

The ultimate performance of the filter depends, apart from the 
bridge balance, on the characteristic and frequency stability of 
the resonators. 

The type of resonator used is illustrated in Fig. 14, which shows 
that one section is an open-circuited line of slightly less than 
4X (i.e. capacitive) and a second section is a short-circuited 
line (i.e. inductive). A study of this type of circuit has been 
exhaustively treated by Sosin.® In the anti-resonant condition 
of these two sections, high current densities are involved over 
short lengths of the line and heating effects are an important 
design factor in regard to the stability of these frequency- 


Fig. 14.—Filter resonator. 
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sensitive devices. Provision was made in the original design 
for water cooling of the inner conductor, where most of the 
heating occurs, but in practice it has been found that a small 
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Fig. 15.—Typical resonance/susceptance curve of f.m. combining 
equipment for 89-9, 92-1 and 94-3 Mc/s. 
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Fig. 16.—Input admittance of combining equipment. 


Go = 19-4 millimhos. 


(a) Direct path. 
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supply of cooling air passed between the inner and outer con- 
ductors is sufficient to confine mechanical expansion within per- 
missible electrical limits. The use of a 5in-diameter line for the 
resonators ensures a high Q-factor, and the dissipation in each 
resonator is less than 500 watts. No interlocking of the air 
supply is necessary, since the resonators are capable of with- 
standing this dissipation without blowing. 

Each resonator is fitted with an adjustable short-circuiting 
contact on the inductive branch and an adjustable capacitance 
on the open-circuited end. Since a high voltage exists at this 
end, the condenser is designed to withstand 45kV r.m.s. 

The filter is very easily set up and adjusted for optimum per- 
formance without the need for special test equipment. The use 
of single coaxial-line conductors throughout gives ready access 
for measurements at any point in the filter, and the complete 
shielding afforded by the line enables accurate measurements of 
crosstalk to be made at levels 60 dB below the full carrier power. 
The use of two identical resonators tuned to the same frequencies 
in each filter enormously simplifies the tuning procedure, as 
opposed to the use of reciprocal circuits as necessary in other 
constant-resistance or conventional bridge-type circuits. 

Whilst the controls are interdependent, a simple method of 
lining-up is possible, consisting essentially of the following steps: 


(a) Lining up the bridge ring without the resonators in position. 
This is performed by the use of a standard signal generator and 
receiver applying short-circuits at nodal points in the ring to obtain 
the minimum cross-coupling between the two inputs. 

(b) Adjusting and checking the resonators separately to obtain 
the required susceptance/frequency curve. 

(c) Fitting the resonators to the bridge and lining up on low 
power. 

(d) Making final adjustments to the resonators on full power 
when they have obtained their normal working temperature. 


Fig. 15 shows a typical susceptance/frequency curve of a 
resonator, and Fig. 16 gives the input admittance of one filter 
as measured at the two r.f. input feed points. 

The filter assemblies conveniently fit into the length of three 
10kW transmitters and were therefore mounted on the wall 
behind the transmitter equipment. It was also found convenient 


(6) 


(b) Indirect path. 
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to equip this area with the transmitter dummy loads and coaxial 
change-over switches, so that any transmitter could be operated 
either into the filter or its dummy load without affecting the 
operation of the two other transmitters. 

Owing to the necessity of ensuring minimum out-of-band 
radiation, provision was made for the inclusion of extra notching 
filters in the feeders of the highest- and lowest-frequency trans- 
mitters of each group. 
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SUMMARY 


An f.m. system is described which employs a directly-frequency- 
‘modulated quartz-crystal oscillator, the design of the circuit and of the 
crystal plate being treated in some detail. Easy methods of setting-up 
_ derive from the use of an oscillator having a high Q-factor. Thesystem 
_ has the advantages of simplicity, reliability and ease of maintenance. 


‘ 


(1) INTRODUCTION 


The system described was first applied to the B.B.C. 91-4 Mc/s 
experimental transmitter at Alexandra Palace during March, 
1948, and then to the 25kW Third Programme transmitter at 
, Wrotham, followed later by the other two transmitters at this 
site. It has since been used in many others (in the British f.m. 
-chain and abroad) and, in simpler forms, for f.s.k. telegraph 
icansmitters and for other purposes. 

In order to permit the use of numerical examples the paper 
_ielates specifically to the 91-4Mc/s transmitter at Wrotham—a 
‘procedure which should avoid ambiguity. 

The two basic f.m. systems in common use in America and on 
the Continent are ‘direct frequency-modulation’ and ‘amplitude- 


variations of the basic direct f.m. system, most of which employ 
a frequency-modulated LC oscillator whose mean frequency is 
stabilized in relation to that of a quartz-controlled oscillator? or 
by the difference between a quartz oscillator and an LC frequency 
discriminator. 

In the Wrotham transmitters the quartz oscillators are fre- 
quency-modulated directly,4»> thus simplifying the f.m. generator 
considerably. The price paid for this simplicity is the dependence 
of the carrier-frequency stability upon that of the difference of 
mutual conductance of the balanced modulator valves. 

The B.B.C. specification for frequency stability (less than 
+20 parts in 106 due to any cause) amounts to about 2% of 
the deviation, and is therefore a fairly stringent requirement for 
the modulator. The valves adopted for this purpose (EF37A) 
are very good from this point of view, and in any case the routine 
setting-up procedure automatically compensates for any slow 
drift with age. 

An essential to a good system is the ability to set it up correctly 
and reasonably quickly, without elaborate auxiliary equipment. 
For this reason some simple equipment has been built into the 
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Fig. 1.—Basic system of f.m. generation in Wrotham transmitter. 


corrected phase modulation’. The latter? has the advantage of 
aa easily stabilized carrier frequency, but is a very complex 
system beset by many technical difficulties. There are many 
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fm. generator which (should any change have taken place) 
enables it to be reset to the correct carrier frequency, correct 
level and low distortion, within a minute or two. 

Fig. 1 is a block diagram of the generator: it will be seen from 
this that harmonic multiplication by 24 is used to generate the 
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91-4.Mc/s carrier frequency, fy. When unmodulated, therefore, 
the oscillator frequency is 3:8083 Mc/s, which is the series- 
resonant frequency of the quartz crystal. It will be clear that 
the frequency deviation of the crystal is also 1/24 of that of the 
carrier frequency, leaving the percentage deviation the same but 
decreasing the modulation index,® wy/w,,, i.e. the frequency 
deviation divided by the modulation frequency. 

The harmonic amplifier stages are all driven hard into a limiting 
condition. In this state it can be shown that the distortion due 
to phase modulation is equivalent to that which would be pro- 
duced by amplitude modulation passed through the same number 
of circuits of the same bandwidth without limiting. With the 
small number of stages used this presents no difficulty. 

In the output stage of the generator the bandwidth must be 
made great enough to cause negligible distortion, particularly 
since this is a monitoring point. Fig. 2 has been drawn on the 
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Fig. 2.—Number of f.m. sidebands required. 


basis of the distortion being represented by the square root of 
the ratio of the power in the omitted sidebands to the total side- 
band power, for sine-wave modulation. These curves are loci of 
points at integral values of n, but it is probably safe to interpolate, 
particularly since complex signals would tend to fill gaps between 
sidebands and because the gradual cut-off of practical tuned 
circuits will tend to smooth off any apparent steps. The most 
significant point to observe is that, if the bandwidth is great 
enough for reasonably small distortion, only a small increase in 
bandwidth causes a very great reduction of distortion. For 
example, at 75kc/s deviation and 15kc/s modulation frequency 
{wy/w, = 5), 236kc/s bandwidth produces 1°% distortion and 
286kc/s only 0-1%. It is well worth while, therefore, to make 
the bandwidth of the output circuit 300kc/s or more, so that 
distortion introduced here is negligible. 


In the oscillator circuit the greatest modulation index at 
15kc/s is 0-208. Bandwidth of circuits is not involved here in » 
the usual way, because the frequency swings with the circuit 
resonance. However, sideband levels are of importance in 
connection with the quartz crystal and will be discussed in | 
Section 6. 

The buffer amplifier following the oscillator has to be designed \ 
for low distortion, and for this circuit the minimum bandwidth — 
indicated by Fig. 3 is about 60 kc/s (wy/w» = 0:2, Om = 15ke/s, f 
distortion 0:2%). } 
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Fig. 3.—Quartz-crystal plate and coupling circuit. = 


(a) Practical circuit. \ 
(6) Equivalent circuit near crystal resonant frequency. 


A procedure simpler than using Fig. 2 is in common usage, | 
namely to pass all sidebands whose amplitudes relative to the 
unmodulated carrier are greater than 0-01 (or perhaps some 
smaller figure). This method is fairly satisfactory when the | 
modulation index is high, but at low values it can be very 
misleading.” 


(2) CRYSTAL CIRCUIT 


Assume that the crystal is correctly represented by the usual 
equivalent circuit throughout the required bandwidth, i.e. a | 
series connection of L,, C, and R, in parallel with a small | 
capacitance C,. The high-Q-factor series resonance is deter- 
mined by L,, C, and R,, C, being an undesired complication. | 
Over a small frequency range, such as that with which the paper — 
is concerned (of the order of +1 part in 10%), this capacitance — 
can be balanced sufficiently well by a shunt inductor or by other 
means. This leaves merely a series resonator. 

In order to change the resonant frequency linearly by small 
amounts, it is necessary to connect a linearly variable reactance — 
in series with it. Now the so-called ‘reactance valve’ and similar 
devices exhibit a linearly modulated susceptance (not reactance). 
Apart from this, the impedances obtainable are quite unsuitable — 
for direct connection to a crystal. For example, in the particular 
case in which we are interested, the crystal series resistance is of — 
the order of 15 ohms. Any addition to this will cause a propor- 
tional reduction of effective Q-factor. 

It is a well-known property of quarter-wave lines and equivalent 
networks that, if a susceptance is varied at one pair of terminals 
of the network, a proportional variation of reactance may be 
measured at the other pair, i.e. 


| 
rh 
: 


Z = ZBYV 0-5 


where Z is the measured impedance, Zp is the characteristic 
impedance of the line or network and Y is the connected admit- 
tance. Such a coupling between the modulator and the crystal 
will therefore give rise to linear modulation. The fact that no 
circuit behaves precisely as a quarter-wavelength line over a 
band of frequencies usually does not introduce appreciable error 
if the frequency band is only a few parts in a thousand of the 
carrier frequency. However, if the conventional Pierce circuit 
is used to maintain the crystal in oscillation, the large impedance 
changes assumed by the crystal cause excessive amplitude modula- 
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tion and oscillation is completely suppressed to one side of 
resonance.® 

It seems to be more useful to look at the circuit from the other 
end. Substituting the crystal series impedance for Z and absorb- 
ing C, into the network gives 


_ july + \jwCy + Ry 


Na 
Ze ot aera homawe gy G2) 


These terms have the dimensions of a capacitive susceptance, 
‘an inductive susceptance and a conductance, respectively, and 
being an addition of admittances, they must be in parallel. 
‘Therefore, let 


Pees ljjakeo Gites. Mek 2) 
Then C=L,)/Z2 
L’ = C,zZ2 (4) 
Co ae | 


Again it is quite clear that the addition of a small linearly’variable 
‘susceptance will produce a linearly variable resonant frequency. 
‘However, it is now additionally evident that oscillation may be 
maintained without any amplitude modulation by connecting a 
negative conductance, —G, in parallel. In practice, loss in the 
network causes a little amplitude modulation, but the amount 
is normally small. 

A difficulty arises in that, at frequencies other than that of the 
-ystal, the line or network is no longer a quarter wavelength and 
‘the above relations do not hold. At remote frequencies the 
impedance of the crystal is high and can be neglected. In the 
avsence of modulation, i.e. without the addition of any suscep- 
tance, a 7-network of the type used in the Wrotham transmitter 
(series inductance, shunt capacitances) has a parallel resonance 
at+/2w,. At this frequency the conductance will, in general, be 
lower than that at the crystal frequency, because it does not 
include the crystal loss: in the ideal case it will be zero. Hence 
the circuit will oscillate at this frequency rather than at the crystal 
frequency. When modulating susceptance is added, the reso- 
nant frequency will shift up and down and a new frequency will 
‘appear, extending upwards from zero. These frequencies may 
come within 10% or less of the crystal frequency. 

There are several ways of dealing with this problem, the 
simplest—quite suitable for small frequency deviations—being 
to connect a resistor across the crystal, its value being of the 
‘same order as the network element reactance. This unavoidably 
produces modulation, owing to the increasing loss as the voltage 
across the crystal rises when the frequency deviates from series 
resonance. For frequency deviations of the order of | part in 
103 it is better to use a resistor in series with a parallel tuned 
circuit, resonant at the crystal frequency. Such a network may 
be connected either across the crystal or across the other end of 
the quarter-wave network. In the first case, accidental mistuning 
will cause f.m. distortion but no shift of carrier frequency; in 
the second case the reverse is the case, and it is this connection 
which has been chosen for the Wrotham transmitter. This 
network is termed the ‘anti-parasite’ circuit, and the combination 
of this with the quarter-wave network and quartz crystal is called 
the ‘crystal circuit’ (see Fig. 3). 

The approximate values used in the Wrotham transmitter are 
23 follows: 


Cuartz crystal. 
L,. = 0-084 henry 


= 0-021 pF 
R,. = 14 ohms 
Q,, = 143000 


Quarter-wave network. 
am-type, shunt capacitance, series inductance. 


Crystal circuit (i.e. effective parallel resonator as measured at 
network terminals). 


From eqn. (4) L’ = 0-059 wH 
C’ = 0-03 uF 
Gia 305 ee resonance 
Q’ = 22000 


1/G’ and Q’arelower than the ideal values, because of resistance 
loss in the coils of the network. At series resonance there is 
negligible current in the limb in parallel with the crystal, so that 
the currents in the series inductor and the crystal are nearly 


equal. Therefore, if the coil resistance is R,, it is approximately 
true to write, for the series-resonant condition, 
, AE: cE Ry 
G = ieZ ae aa G, ° . . . . (5) 


where G,, is the conductance of the anti-parasite circuit, etc. 

It is a fairly simple matter, with one additional valve, to reduce 
R, to zero,” but the slight extra complication has not been thought 
justified. The Q-factor is more than adequate, and the amplitude 
modulation resulting from variation of this loss with frequency is 
not so great that it cannot be made negligibly small by other 
means. 

However, it is worthy of note that the alternative basic 7-type 
quarter-wave network, i.e. with series capacitor and shunt 
inductors, causes less amplitude modulation and is also more 
convenient to use if coil-loss cancellation is desired. It may be 
shown (Section 10.1) that the conductance at the terminals of 
the crystal circuit, | and 2, is given by 


_R +R OEE is 


G, = Zz +6, +03) Za 


for the ‘high-pass’ type of network, where w,, is the crystal centre 
frequency, wa is the radiated carrier frequency, and 


(Wo/w,)Zo |2| 4Ry(w,./w)2L2 
a EGY Ze cL 


x 


Ry 
6, =F + 6, +| ay 


for the ‘low-pass’ type. It may be noted that the unwanted 
modulation of G,, or G; is given by the right-hand term in each 
equation, and is inversely proportional to Z?. 

Curves have been plotted in Fig. 4 from these equations, using 
the values already given for the Wrotham transmitter. It would 
not be correct to infer from these curves that amplitude modula- 
tion of the same proportion is likely to be caused, because the 
bandwidth of the crystal is so narrow that, over most of the a.f. 
band, the crystal current remains substantially constant, pro- 
ducing a constant voltage at the circuit terminals. At very low 
frequencies the negative conductance of the oscillator must vary 
in sympathy, and it is a matter of circuit design to ensure that it 
does so without much amplitude change. The bandwidth of the 
Wrotham circuit is 173c/s. In this transmitter the low-pass 
circuit was chosen for convenience in regard to the availability 
of suitable adjustable components. 

The effect of varying the shunt elements of the quarter-wave 
network is interesting, particularly in connection with the setting- 
up problem. Varying the element in parallel with terminals | 
and 2 (Fig. 4) clearly constitutes a change of parallel susceptance 
and so will change the resonant frequency. If the element is 
a condenser, as in the Wrotham transmitter, the frequency will 
change linearly with the capacitance. 
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Fig. 4.—Conductance of a typical crystal circuit. 


Varying the capacitance across the crystal produces a more 
complicated effect. If the change of capacitance from the ideal 
value is AC,, since it is in parallel with the crystal it will appear 
at the other end of the quarter-wave network as an inductance 
in series with the equivalent circuit shown in Fig. 3(5) of value 


IMSL —= Zea, eS 


where C, is an element of the quarter-wave network. 

So far as frequency modulation is concerned, this may be 
considered to be in series with the modulating susceptance, B. 
The effective modulating susceptance is therefore 


1 


LIN SAN hood aca ((S) 
B CG; 
Since, for small deviations, 
Oe epee el 
ms Bi Cet aes ‘etka? joe (9) 
from eqn. (4), 
ee as Beg ZG 
Wo 20. 
Ze 
= ign ae . . . (10) 
me a Cade ee 


Using the values for the Wrotham transmitter, this has been 
plotted in Fig. 5 for values of AC,/C; of +0-04, zero and —0-04. 
It will be seen that the error gives rise to second-harmonic distor- 
tion; in this case it is 4% at 75kc/s deviation and is approxi- 
mately proportional to deviation. In practice it is usual to 
adjust the capacitance (or inductance, if the other type of network 
is used) to within about 1 part in 500, in order to reduce the 
distortion to a negligible amount. It is quite easy to do this 
by taking advantage of the effect of AC; upon amplitude. 
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Fig. 5.—Non-linearity caused by capacitance error across crystal plate. : 

At all except the lowest modulation frequencies the crystal : 
current remains substantially constant, as already stated, and 
produces a constant e.m.f. at the terminals of an ideal network. | 
If such a network is assumed, with AC, replaced by its equivalent - 
AL [egqn. (7)] in series with the output of the network, which is 
assumed to be loaded by the modulating susceptance B, it is easy 
to see that the voltage across the valve circuits, V,, is given by 


Vs + 1/jB 
V, jwAL+1fjB ~ 


where V, is the constant voltage at the terminals of the ideal 
network. 


Simplifying and substituting from eqns. (7), (4) and (9) gives 


(11) 


V, 1 
Tee 1 4 2a AC, yLy (12 
wy Cy Zo 


which, in the present example with AC,/C,; = 4%, is nearly linear 
amplitude modulation of about 8 % for 75 kc/s deviation. This is 
easily detected and becomes zero when AC; is adjusted to zero. 


(3) OSCILLATOR 


By ‘oscillator’ is meant the device which maintains oscillations 
at the correct level in the crystal circuit described in the last 
Section. In the Wrotham transmitter the anode of the main- 
taining valve feeds directly into that circuit and the grid is 
energized (for convenience) from the appropriate side of a 
balanced tuned circuit coupled to the modulator. The grid leak, 
however, instead of being returned to earth, is coupled through 
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a short-time-constant RC network to the grid of the first fre- 
quency-doubler. This connection is marked ‘a.l.c. feedback’ in 
Fig. 1, meaning ‘automatic level control’ and is analogous to the 
\a.g.c. control used in receiver circuits. The grid of the frequency- 
doubler behaves as the anode of a diode and therefore provides 
‘both d.c. and a.c. negative feedback by controlling the mutual 
‘conductance of the maintaining valve. The degree of feedback 
‘is increased by the fact that there is a buffer-amplifier stage 
‘between the maintaining valve and the frequency-doubler. 

The d.c. part of the control is used to keep the oscillator level 
'down to a value which will not cause distortion in the suscep- 
stance modulator, or overheat the quartz crystal. The a.c. part 
.of the feedback reduces amplitude modulation to a low value, 
‘and is particularly necessary at low modulation frequencies. 
‘It is desirable to avoid a large percentage of amplitude modulation 
‘in the oscillator in order to keep the f.m. distortion low.!° There 
is no particular difficulty in the design of the oscillator, and other 
‘methods of controlling both level and amplitude modulation 
:can be used. 

Frequency instabilities due to the oscillator circuit itself are 
_ negligible, as can be seen from the following considerations. The 
chief causes of such instabilities in crystal oscillators of this order 
) of frequency are temperature changes of the quartz due to changes 
) of crystal current, particularly in the electrode connecting arms, 
, grid-cathode capacitance changes in the valves, and phase changes 
caused by changes in the cathode interface impedance of the 
) oscillator valve. 

The a.l.c. feedback keeps the crystal heating to a negligible 
‘value, the dissipation in the Wrotham equipment being about 
\5uW. Valve capacitance changes can safely be assumed to 
| be below 0-1 pF, and this, with C’ = 0:03 uF, would produce 
1a frequency change of less than 2 parts in 106. Phase-change 
/effects seldom cause frequency changes greater than 1 part 
iin 108 in frequency-standard oscillators having crystal Q-factors 
)of about 10°; changes from this cause would therefore not be 
i more than a few parts in 10’ in this oscillator and are masked 
‘by the other factors, the chief cause of instability being the 
i; modulator. 

In this particular type of oscillator there is an additional 
instability due to the quarter-wave network, L’ and C’. Insta- 
(bility of resonant frequency of this network (excluding the 
selement across the crystal) causes an_ oscillator-frequency 
instability of the same value multiplied by a factor Zo/wL,. 
{In this case the factor is 8-3 x 10-4, so that a temperature 
‘coefficient of the network of 2 x 10~> per degC would result 
‘in a component in the oscillator temperature coefficient of 
/1-66 x 10-8 per degC and can be neglected. 


(4) MODULATOR 

The first part of eqn. (10) (assuming AC, = 0) may be 
rewritten 

w,L 


bs 
Z2 
0 


+B= + 2wg/wo) (13) 
‘both signs being included in order to draw attention to the fact 
that the deviation will be of both signs and so, therefore, will the 
_ susceptance. 
Putting in the maximum values for the Wrotham trans- 
mitter (+100kc/s) shows that B must vary over a range of 
-1-58millimhos. This is more than is possible with a single 
reactance valve of conventional type, so it is necessary to use 
_@a amplifying stage. 
‘The main considerations underlying the design of this amplifier 
are the desirability of high mutual conductance and current- 
tandling capacity and the tolerance to instability of mutual con- 


ductance at sub-audio frequencies. For example, a change of 
mutual conductance of 1% would result in a 1% change of 
deviation but no change of carrier frequency. In a modulator 
valve a 1% change would cause a change of carrier frequency of 
the order of 1 ke/s. 
High mutual conductance is desirable because it makes possible 
a choice of a lower value of Zp in the crystal circuit, resulting in 
improved stability. High current-handling capacity enables the 
oscillator to be operated at a higher and more convenient level. 
The peak-to-peak r.f. current which this valve must handle 
without distortion is 
a PUA en ee we Ie 


where Vy is the peak oscillator voltage. 

In the Wrotham transmitter Vo is about 1-5 volts and f is 
therefore about 44mA. A type EF55 valve was used, giving 
negligible distortion under these conditions. 

The overall frequency tolerance is +1-8kc/s. It would there- 
fore be unwise to allow more than +1kc/s for the modulator, 
which is only 1°% of the total sweep. From this point of view, as 
well as the cancellation of even-harmonic distortion, it is clearly 
an advantage to use a balanced modulator, so that changes of 


Fig. 6.—Susceptance modulator used in Wrotham transmitter. 


mutual conductance due to change of temperature and of supply 
voltage roughly cancel each other. It will also be seen that it is 
an advantage to use valves which can be swept linearly over a 
range of mutual conductance which is as large as possible in 
relation to the mean value, in order to reduce instabilities to a 
small fraction of the peak deviation. 

There are two types of valve characteristic which can be used 
as proportional linear modulators: the first has a relation 
(between limits) of the form 


[ok VS Vi aan ae en) 


I, being the anode current, V, the grid voltage and V, a constant, 
from which, 


dL AV ORV PG) ae eS) 
The second type has the form 
PP exp [Ve =V,) ee eee) 
I, being the cathode current, from which, 
dl [dV KL eae) Sede 4 Se) 


In the latter characteristic J, is made approximately propor- 
tional to the modulating voltage by connecting a large audio- 
frequency impedance common to the cathode and input circuits. 

The second type has the advantage over the first in respect of 
the ratio of usable range of mutual conductance to mean value 
which, in some cases, closely approaches the ideal factor of 2. 
It also has the advantage of a.f. and d.c. negative feedback. The 
EFS0 valve has this type of characteristic, but is too noisy and 
has not enough inherent stability for this type of application. In 
particular, the mutual conductance ‘creaks’ as the cathode tem- 
perature changes, and it does not settle to the same value after 
every switching on. 
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The valve chosen for the Wrotham transmitter was the low- 
noise EF37A, which is very good from this aspect and is not very 
microphonic. It has the first type of characteristic, expressed by 
eqns. (15) and (16), the ratio of usable range to mean value of 
mutual conductance being near unity (half the ideal). 

In using this type of modulator advantage has been taken of the 
possibility of a.f. phase inversion by means of a common cathode 
resistor. It can easily be shown [Section (10.2)] that such an 
arrangement does not distort the output, even though the cathode 
input impedances vary considerably during the modulation cycle. 
The use of a high cathode resistance and positive grid bias 
im>roves the long-term stability by swamping the contact poten- 
tials of the valve. 

Perhaps the most reliable way of shifting the r.f. phase by 
a/2 radians, as required in any electronic susceptance modulator, 
is to couple two parts of the circuit through a highly resistive 
impedance (such as the anode impedance of a pentode), shunting 
it by a condenser of relatively low impedance. However, this 
results in large feedback at low frequencies, not shifted in phase 
very much. In single-valve circuits the feedback will be degenera- 
tive and will not be important, but in balanced circuits it will 
be degenerative and regenerative in alternate a.f. half-cycles. In 
order to avoid instability from this cause, it is necessary to 
include a frequency-selective circuit in the feedback path, tuned 
to the mid-frequency and damped sufficiently to avoid the intro- 
duction of appreciable phase instability. The same circuit may 
be utilized for r.f. phase inversion. 

The susceptance, B, measured at the oscillator terminals is 
given by 

(19) 


where a = Proportional deviation of the mutual conductance of 
each modulator valve from the mean value, due to 
the input signal. 
k = Voltage ratio of the r.f. transformer. 
8&mn — Mean mutual conductance of each modulator valve. 


B= akg mmé mah Obs 


£mq = Mutual conductance of the amplifier valve. 
C, = ‘Quadrature’ capacitance. 


The arrangement which has been described above (shown in 
Fig. 6) is one which was used in the Wrotham transmitter, but it 
will be seen that the advantages of phase-shifting by means of 
the quadrature capacitance, C,, are largely offset by the necessity 
for introducing a frequency-selective circuit. In consequence, it 
may be found advantageous to use other methods of phase- 
shifting which are frequency-selective in themselves, such as the 
use of quarter-wave networks. An arrangement which has been 
successful where a smaller maximum current was required is 
shown in Fig. 7. In this, R was about 10 ohms, so it was possible 
to inject the r.f. signals into the modulator cathodes and the a-f. 
signal into their grid circuits. In both arrangements the use of 


w2.c=t 


A..F INPUT 


(BALANCED) 


Fig. 7.—Balanced-triode susceptance modulator. 
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low impedances made the circuits easy to handle, but this was 
particularly so with the circuit shown in Fig. 7. 

The latter circuit cannot deliver so large a quadrature current 
into the oscillator, because the output valves are the modulators 
and must work with r.f. input signals which are small in com- 
parison with the grid bias. The third valve, in this case, is 
merely a buffer between the oscillator and the rather low input 
impedance of the quarter-wave networks. 

It is easily seen that the susceptance presented at the right-hand 
terminals of the circuit shown in Fig. 7 is given approximately by 


E 2aZ og, mb& mm (20) 


where Zp = (L/C)!/2. 

It is interesting that R does not appear in this equation: it. 
merely controls bandwidth. Variations of cathode input impe- 
dance of the modulator valves, due to modulation, therefore, do 
not cause distortion. 


It is fairly evident that the two most difficult alignments to be 
made in the type of circuit which has been described are those of 
the condenser in parallel with the crystal (errors in which cause 
second-harmonic f.m. distortion and amplitude modulation) and 
those of modulator phase (errors causing amplitude modulation). 

It is very fortunate that at mid-audio frequencies the a.m 


two, just as is done with an a.c. impedance bridge. Were they 
both in the same phase it would have been necessary to use 


much more elaborate methods of setting up: as it is, all that is 
Adjust- ) 


necessary is a listening point coupled to the a.l.c. line. 
ment to minimum amplitude modulation always brings the 
second-harmonic distortion down to a value well below the 
B.B.C. specified limits. 


The reason for the amplitude modulation from the two causes | 


being in quadrature is interesting and not immediately obvious. 
Referring back to eqn. (12), it is evident that amplitude modula- 


tion caused by the error, AC,, causes amplitude modulation in 
Phase error in the modulator | 


phase with the modulating signal. 
causes it to supply an in-phase a.m. current to the crystal circuit, 


but owing to its narrow bandwidth, the voltage change resulting | 


from it is delayed by 77/2 radians and is attenuated. One way of 
considering it is that the two sidebands, well outside the half- 
power points of the resonance curve, are shifted in phase, one 
nearly 7/2 leading and the other nearly 7/2 lagging. This is 


the same as would be caused by a z/2 shift of phase of the | 


envelope signal. 

The carrier frequency is adjusted by beating the fifth harmonic 
of the crystal against a reference crystal oscillator. The fifth 
harmonic is used in order to minimize the danger of modulating 
the transmitter by the beat frequency, the frequency 5/5/24 not 
existing in the harmonic chain. 

This heterodyne oscillator is used also in checking the balance 


a 
(5) AUXILIARY EQUIPMENT AND CIRCUIT ALIGNMENT ~ 
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signals produced by these errors are in quadrature, for this makes © 
it possible to minimize both, by alternate adjustments of the 


of the modulator valves and in calibrating the deviation indicator. 


For these purposes a condenser in the oscillator circuit is switched 
to give an audible heterodyne note. 


When the modulator pair is correctly balanced, B = 0 and 4 


there is therefore no signal on the grid of the amplifier valve in 
Fig. 6, 
alter the carrier frequency. Balance is therefore adjusted by 
periodically changing the mutual conductance of the valve by 
means of a switch in the grid-bias circuit, adjusting the relative 
screen voltage of the two modulator valves until the heterodyne 
note remains fairly constant (at 19 Mc/s a change of one semitone 


so that a change of gain in this valve should not 
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‘na 640c/s note is equivalent to 2 parts in 106 of the carrier 
“requency). 

The deviation indicator is a linear a.f. valve-voltmeter con- 
nected across the audio input circuit of the modulator. Since 
where is a deviation-sensitivity adjustment in the modulator 
circuit (Cy in Fig. 6 is variable) it is not sufficient to rely solely 
jipon an initial calibration in terms of voltage, so a more funda- 
mental method of adjusting C, and checking themeter is provided. 
‘The Bessel-zero method!! is the obvious one to employ here, and 

t was decided not to risk errors by utilizing a large number of 

sreros and yet to use more than one in order to provide a rough 
wheck on scale linearity. Accordingly, the first and second roots 
of Jo(x) were chosen, x; = 2-405 and x, = 5-520, the second 
neing made to give a zero at 75 kc/s deviation. The first therefore 
rovides a zero at 75 x 2-405/5-520 = 32: 7ke/s. The meter 
veads to 100 kc/s. 
In an f.m. system the carrier amplitude becomes zero whenever 
‘he modulation index w,/w,, is equal to a root of Jo(x), provided 
hat the modulating signal is pure and there is no distortion in 
‘he system. In this case, however, the actual deviation which is 
hecked is that existing at the frequency of the reference oscillator 
_ Le. (5/24)w,], so that, using the second root for wy = 75kc/s, 


(21) 


where w, is the angular frequency of the test oscillator and w, 
s that of the reference oscillator. In the present case this gives 
i, [277 = 2-83 ke/s. 

The test oscillator has an RC ladder network in its feedback 
(oop and is of a type which gives a substantially pure output 
(vith good frequency stability. Purity is essential in order to 
obtain sharp null points. 


Wy, Wy, W 
Fiat ad pal ae 
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(6) CRYSTAL PLATE 


There are only two basic types of quartz-crystal plate which 
ure commonly used for frequency stabilization at frequencies of 
‘his order. They are well known by their American names— 
yype AT and type BT—each cut at an angle with respect to the 
vrystallographic axis of quartz which gives it a zero temperature 
0efficient of frequency at some reasonable working temperature. 
The frequency is governed by a power series!” in temperature, 
i of which four terms are significant: 
Ng! se | 


Q = w,[I1 a,(@ Oo) a a, 05) a,(0 
(22) 


_ With high-frequency shear-mode plates such as types AT and 
BT there are considerable variations in these ‘constants’, caused 
ny slight departures from flatness, slight deviations from the 
/ orrect angles of cut, interference of flexure modes of vibration,'? 
iuartz imperfections, etc. 

| The overall frequency instability permitted is +2 x 1075, over 
|. temperature range of 20°C; if half of this is allowed for tem- 
erature effects it becomes +10~> for 20°C. 

For the AT crystal this just corresponds with practical limits 
ior a@,. At normal room temperatures a; is negligible (e.g. 0 
yanging from 7 to 27°C or from 27 to 47°C gives the cubic term 
s 8 x 10-7), so it is just possible to use the type AT crystal 
vithout temperature control. This is a useful simplification and 
wmproves reliability. The type BT plate would require to be 
‘fmperature controlled [e.g. if 6 — 0) = 20, a(@— 0)? = 

% x 10-5]. 

«nother advantage of type AT over type BT is that for given 
onditions of resonance the inductance, L,, as measured at the 
emninals, is lower. This results in a lower characteristic impe- 
laace for the quarter-wave coupling network, with a slightly 
“roved stability. 
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The greatest difficulty in the use of high-frequency quartz- 
crystal plates for frequency modulation arises from the many 
unwanted resonances which usually exist. Plates with contiguous 
sputtered-on gold electrodes of limited area, such as have been 
in common use for many years, are better than uncoated plates, 
and with some of them it is possible to obtain (statically) a 
substantially linear relation between modulating susceptance and 
oscillation frequency over a range of deviation greater than is 
required. The application of audio-frequency modulation, how-- 
ever, produces sidebands which, at certain frequencies, excite 
resonances outside the deviation range and cause distortion. 
The resonances are of very narrow bandwidth, and in statistical 
and in subjective terms the distortion is very small. However, 
the psychological effect on various engineers of the knowledge of 
the existence of this phenomenon made it imperative that it 
should be avoided. Also it must be conceded that a violinist 
playing in the upper register might excite one of the resonances 
audibly on a particular note. 

Resonances in high-frequency Y-cut quartz plates may be 
classified into two main types, known as ‘thickness-shear’ 
modes!4>!5 and ‘flexure’ modes,!? the wanted resonance being of 
the first type. Flexure resonances have not interfered in any of 
the f.m. experiments, but if they should exist, the measures to be 
described for suppressing unwanted shear modes would also 
suppress them. 

Several people!4:!5 have made calculations of shear-mode 
resonances in thin rectangular quartz plates, but not (so far as 
the author is aware) in plates which are loaded over a limited 
area by the deposition of additional material. When this 
additional material is sufficiently massive, as it often is when 
sputtered gold is used, the shear vibrations are confined to this 
area by reflection from its edges. The mathematical analyses 
referred to above cannot be applied directly to this problem, 
because the boundary conditions in this case imply nearly fixed 
edges, while in the former case they imply free edges. 

Mapping of amplitudes of surface motion (detected quali- 
tatively by noting the change of electrical amplitude when 
touching the surface with a rounded glass point) suggests that 
a very useful analogy exists in the waveguide and the cavity 
resonator. By inserting some empirical constants to cope with 
the anisotropy of the quartz, it has been possible to apply well- 
known waveguide formulae!® to the solution of the problem, no 
advanced mathematics being required. It is also thought that the 
phenomena are more easily understood in terms of waveguides. 

The basic equation giving the resonant frequencies of a closed 
rectangular waveguide (or rectangular cavity resonator) is 


fi ml (ace Orn al 


where fjnp is the resonant frequency corresponding to 
m[2 wavelengths along dimension a, 
n/2 wavelengths along dimension 6, 
p/2 wavelengths along dimension c; 


(23) 


and 


m, n and p are integers and v is the velocity of electromagnetic 
waves in the medium within the cavity. 

Since it is conventional to make a the most important dimen- 
sion of a waveguide, a will be regarded as the thin dimension of 
the crystal plate and of the cavity now under consideration. In 
general, a will be less than one-tenth of b or c, so that the first 
term becomes large in comparison with the others and the usual 
square-root approximation can be made, i.e. 


2 2 
va (Nn D ) (24) 
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If n/b and p/c are zero, 


Sinoo = Vm|2a (25) 


Therefore 


v2 pn2  p? 
een a Fn00 a sete + 2) e (26) 

These are the differences between all resonances and that of 
two parallel metal plates of infinite extent. This can be shown 
to hold equally well for elastic waves in any isotropic medium if 
v is the velocity of propagation in that medium, provided that 
there is no transformation between shear waves and longitudinal 
waves. It has been shown!’ that such transformations occur 
when elastic waves meet an interface at other than normal 
incidence, except for shear waves beyond a critical angle or 
polarized with particle motion normal to the plane of incidence 
and reflection. 

In an ideal isotropic plate of infinite extent in which plane- 
polarized waves are propagated in the direction normal to the 
surface, standing waves will be set up at resonant frequencies 
for which the plate is m half-waves thick, there being antinodes 
of motion at the surfaces. If the extent of the plate now be 
limited in the direction of particle motion to a dimension 5, the 
wave directions will be tilted through an angle ¢ = arc tanna/mb, 
standing waves forming (at a slightly higher resonant frequency) 
along dimension 6 as well as the thickness, a, with nodes of 
motion at the ends. In this case the small angle of incidence 
against the surface causes partial transformation of the shear 
waves to the longitudinal type. Knott’s equations show that 
the energy transformation is very small at small angles of inci- 
dence, and the effect can be neglected in the case of interest, 
except to note that it represents a loss of energy, and there- 
fore of Q-factor, which is minimized by minimizing na/mb. 
Restriction of the resonator in a direction normal to those con- 
sidered does not cause transformation of shear waves into 
longitudinal waves. 

Quartz is not isotropic, but in a general way the above 
considerations apply. However, in considering the effects of 
the various modes upon frequency, the anisotropy must be 
taken into account. Particle motion in the ideal infinite plate is 
parallel to the X-axis of the quartz (i.e. along the b dimension). 
As an approximation we may apply two empirical constants, k, 
and k, to the terms containing b and c in egn. (26), giving 


vy (kn? | kpp? 
igs = Fino es eal b2 C2 (27) 


where v, is the propagation velocity of shear waves along the 
a dimension of a type AT quartz plate, and k? and K3 are regarded 
as velocity constants for the 6 and c directions, respectively. It 
does not seem useful to attempt to find any exact values for these 
constants (which should be functions of m/a, n[/b and p/c) because 
slight curvature of the plate surfaces, which is practically 
unavoidable, has a considerable effect also. 

It is easy to see that if any integer m, or p is even, piezo- 
electric coupling to the quartz is zero, series cancellation occurring 
when 7m is even, parallel cancellation (due to opposite motions of 
two halves of the plate) when either n or p is even. Therefore 
only odd-order modes need concern us. It is interesting to note 
that high-order modes will exhibit high inductance, because of 
the partially-balanced piezo-electric coupling. The result is 
that a modulating susceptance in the f.m. circuit will shift a 
high-order resonant frequency much less than a low-order one, 
so that it is possible for two to interfere with each other. 

Since we require the greatest possible frequency separation 


MORTLEY: FREQUENCY-MODULATED QUARTZ OSCILLATORS FOR BROADCASTING EQUIPMENT 


between the main, f,,;;, resonance and its nearest neighbour, it is) 
clear from eqn. (27) that m must be unity. Therefore the main) 
resonance is f;,, and the next nearest is either f,13 or f131, depend. | 
ing upon b and c. In the Wrotham transmitter fiy3 has beenje 
made approximately equal to f,31, this resulting in the greatest}: 
electrode area, and therefore lowest inductance in f,,, mode, for 
the greatest frequency separation. For this condition 


c = b(ky/k,)'? (28))) 

a condition which will be assumed henceforth. Then, from) 

eqn. (27), 

v2k (n? + p* — 2) 
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} 
for the nearest unwanted resonance. Mi 
It is clear from this that the nearest resonance may be placa 
approximately where desired by suitable choice of dimensions b f 
and c, but it should be noted that, if the source of oscillations» 
produces strong odd harmonics, the higher m modes will med 
excited and will give responses with closer spacings. The) 
fi; Modes will respond when the oscillator fundamental fre- 
quency is below that of the f;;; mode. Harmonics should be- 
kept small in amplitude. | 

In the Wrotham transmitter the spacing of the f;;3 and fy. 
modes was placed at about 88kc/s. As will be seen later, the 
spacing has to be more than 30kc/s. The choice of 88ke/s, 
however, arises incidentally out of a fear that the f,;. resonance, | 
theoretically not coupled electrically, might in fact be slightly’ 
coupled by some imperfection of quartz or electrode system. 
From eqn. (29), the f;;. resonance separation is three-eighths that 
of the f,;3 and occurs in this case at 33 kc/s, thus allowing a 10% 
tolerance beyond 30kc/s. i 

The highest frequency within the 20-15000c/s modulation | 
band which could produce a sideband with which this could) 
interfere would be 12-1kc/s (i.e. 11 kc/s + 10% tolerance). At 
75kc/s deviation the modulation index is 6:2, while at the crystal | 
frequency it is thus 6:2/24 = 0-258. The sideband amplitudes | 
relative to the carrier are given by the Bessel functions 
J,(0-258), J,(0:258), J3(0:258), etc., and are 0-124, 0-008 4 and | 
0-000 33, respectively. Practically all the intelligence power is in | 
the first pair of sidebands, so that in the third is 3-55 x 107° of it. | 
On the assumption that the crystal resonance might either remove 
the unwanted sideband or increase it by 3dB, the amplitude 
distortion would therefore be 0:188°%%, which is negligible. 

So far, we have considered only the resonator portion of the | 
crystal plate without taking particular notice of its boundaries, 
except to note that mechanical reflection takes place at the edges 
of the contiguous electrodes. The reason is not easy to see 
except by analogy with waveguides. 

Since the maximum motion and minimum stress occur at the 
major surfaces of the plate, the addition of mass, in the form of 
electrodes or otherwise, has practically the same effect as 
increasing the thickness of the plate. Therefore the plate within 
the electrode area will have a lower f,,;,; frequency than that 
outside this area. In fact, that outside it may have a higher 
Soo frequency than the f;,, inside it. In this case the Siu fre 
quency cannot be propagated in the outer plate, the: group 
velocity is zero and the phase velocity is infinite. The outer 
quartz is analogous to a waveguide high-pass filter. That being. 
so, it is useful, not only for restricting the required vibrations to 
a particular area, but also for passing unwanted ones into a 
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dissipative area. The cut-off frequency is determined by the 
electrode mass. 

It has been shown that frequencies up to 30kc/s above fy; 
should not be dissipated. The first important resonance which 
should be dissipated would be about 88kc/s above if it were 
‘restricted to the electrode area, so that a filter cut-off frequency 
of fii; + 50kc/s should be fairly reasonable. Since this will 
permit the unwanted resonance to pass into the outer part of 
che plate, the actual frequency depends upon the overall plate 
dimensions: if the plate is much larger than the electrodes, the 
esonance will be not much above the cut-off frequency and 
Vurther resonances will be quite close to it. These will all have 
/ow group velocities and therefore may be dissipated easily by 
either electrical or mechanical means at the edges of the plate. 
iin the Wrotham transmitter and some others the dissipation is 
mainly mechanical, in a thick fired-on deposit of precipitated 
silver, which is a good acoustic match to quartz and in this form 
s fairly lossy. Electrical dissipation by means of a suitable 
-esistive coating has also been used experimentally. , 

It is not immediately obvious how the actual quartz filter 

should be designed, because of its unusual shape (i.e. surrounding 
arectangle). At first it might seem that energy would be beamed 
sutwards from the edges of the electrodes (because these edges 
ave several wavelengths long), so that the filter would become 
cur waveguides of the same widths as the electrode edges. 
(\t frequencies very near cut-off, however, the actual path is 
-ery long, because of the reflection between the surfaces, and so 
‘ne beam spreads a great deal as it leaves the electrodes. This 
is ihe same as saying that the group velocity is low and the phase 
velocity high, and that the beam width should be considered 
mm terms of the phase wavelength along the surface rather than 
the free-medium wavelength. At cut-off, then, the phase wave- 
ngth will be infinite and the whole of the plate will be occupied 
oy the wave radiation, but at higher frequencies the corners of 
(he plate will not be illuminated quite so much. Quartz-crystal 
lates of this kind are usually mounted by soldering wires to 
silver spots fired onto the corners, so it is probable that these 
amp out unwanted vibrations very considerably in themselves, 
provided that the vibrations can leave the electrode area. 
The cut-off frequency is thus that frequency which coincides 
with infinite phase velocity if the plate is infinite or is terminated 
ll round in its characteristic impedance: this would be the fj 
mode for the unloaded quartz. In practice, the plate will not be 
orrectly terminated and reflections will alter this limit to f;;9 
iwith free edges there can be uniform motion across the plate in 
i direction normal to the X-axis). When the plate is much 
targer than the electrodes the difference between these two 
‘requencies is not significant. 

Although the actual mass of the electrodes required may be 
valculated from the equations which have been given (making 
ue allowance for the effects of piezo-electric loading in the 
‘lectrode area), the figure obtained has no usefulness because 
of the way in which manufacturing measurements are made. 
Moreover, it leaves out of account the small convexity of the 
‘urfaces which is not easily avoided. 

Since the cut-off frequency, the f;; . mode of the whole plate, 
s the frequency of resonance of the whole plate without elec- 
rodes, the plate may be made to oscillate at approximately this 

equency, using weak coupling by means of electrodes with 
iairly large air-gaps between them and the quartz, before applying 
&< contiguous electrodes. Under this condition the frequency 
ey be adjusted to about 50kc/s above the required frequency 
‘by lapping and etching) and then electrodes of the required area 
sway be deposited until the series-resonant (f;,,) frequency iS 
vorrect. This procedure takes care of errors due to surface 
-urvature if this is not so great as to interfere with the electrode- 


edge reflections. The greatest cut-off-frequency error likely to 
arise in this method might be about 0-:1% and be due to too 
tight electrode coupling in the first adjustment: this is about 
10% of the cut-off-frequency difference of 50 kc/s and is not very 
important. 
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Fig. 8.—Quartz-crystal plate for frequency modulation. 
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ELECTRODE CONNECTION 


The general appearance of the crystal plate is shown in Fig. 8. 
The plate is sealed into an evacuated glass envelope for protection 
and to improve the Q-factor of the main resonance, which, as 
stated in Section 2, is 143000 in the present case. 


(7) PERFORMANCE AND CONCLUSIONS 


With the exception of the carrier-frequency drift, the following 
measurements were made on the 91-4 Mc/s transmitter during 
the acceptance tests at Wrotham on the 14th October, 1949. All 
a.f. measurements were made with the aid of the monitor receiver, 
and so include any distortion it may have introduced. Decibels 
are used, usually referred to 75kc/s deviation: it will be under- 
stood that the decibels really refer to the power output from the 
monitor receiver, and that the reference level is the power output 
resulting from 75 ke/s deviation. 


A.F. DISTORTION 


Deviation of 
Audio Source 
frequency distortion 


25 ke/s 50 kc/s 75kce/s 100 kc/s 


ye 
“4 
7 
8 
7 
1 


Most of the distortion at 30c/s is caused by the input 
transformer. 


HARMONIC DisTRIBUTION AT 1 KC/S MODULATIQN, 
75KC/s DEVIATION 


Order of harmonic Amplitude, % 


2 0-02 

3 0:57 
4 0-038 

5 0-177 
6 0-01 

of 0-097 
8 0-008 

5 0-053 
10 0 

ia 0-027 
12 0 

13 0-017 
14 0 

15 0-007 
16 0 
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A.F. DisToRTION AT 10KC/s MODULATION 
FREQUENCY, WITH PRE-EMPHASIS 


Pre-emphasis 


i Distortion 
time-constant 


Deviation 


microsec 


Specification 


dB 
rail 
+0*5 
+05 
Reference 
ae) is) 
+0°5 
+0-5 
+0*5 
Falling slowly 
to about 


oak { 


mW OOSOOCOCS 
VWRLONe 


| 


This was without pre-emphasis. The cut-off at the higher 
frequencies is given by a single-section prototype low-pass filter 
in the input circuits. 


FM. noise. 


The f.m. noise was —71 dB with, and —62dB without, the 
C.I.S.P.R. ear-simulating network, the specification levels being 
—70dB and —60dB respectively. 


A.M. noise. 


At Okc/s deviation the a.m. noise was —60dB, and at 100kc/s 
deviation it was —53db, from 100° amplitude modulation, the 
specification levels being —50dB and —34dB respectively. 


Change in carrier frequency between 0 and 100 ke/s deviation. 


Audio frequency Frequency change, parts in 106 


30c/s 2 
10ke/s 2 
Specification +10 


Carrier-frequency drift in 48 hours. 
Greatest deviation: +12 parts in 10°. 


It is concluded as.a result of these and other tests that high- 
fidelity directly-frequency-modulated quartz oscillators can be 
made without difficulty and that an adequate stability of carrier 
frequency may be obtained without temperature control beyond 
that normally installed in a transmitter room. The circuits are 
simple and easy to maintain and align. Quartz crystals in a 
suitable band of frequencies are not difficult to make without 
spurious resonances which would otherwise interfere. 

It is possible that improvements may be made in modulator 
linearity and stability by using the oscillating quartz plate as part 
of a frequency discriminator in a feedback loop.!® 
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(10) APPENDIX 


(10.1) Variation of Crystal-Circuit Conductance due to Coil Loss: 
in a Quarter-Wave 7t-Network 4 


If there is a constant voltage, V,, across terminals 1 and 2 


(Fig. 3) there will be a constant current, /,, through the crystal 
such that 
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I, = V,liZo (31), 


This current flows through L,, C, and R, in series. To a 
very close approximation the impedance of these elements is 


2, = R, + J2(@g/wo)w,Ly (32) 
Therefore the voltage across the crystal is 
V,[2(wy/w)w,L, — jRy 4K 
0 
Dep Dy OY Me pep VII 
and |V,.| au plone t Re" é (34) 
0 
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In the high-pass type of network V, appears across one 
vaductor and V, across the other. Since the impedance of the 
inductor is equal to Zo, the current is 


I= V[jZo (35) 
nd the power loss in the coil resistance R, is 
Pri = V?Ri|Z (36) 
‘a one inductor this is 
Pp = V2R,|Z2 (37) 
nd in the other, from eqn. (34), it is 
pues VAR, Heals + Re) (38) 
in the crystal, from eqn. (31), the loss is 
PRA AR YZ maramiete ks (39) 


“here will be additional losses in the anti-parasite circuit, Cicer 
“hich may be represented by a single parallel conductance, Ge 
cross the network terminals, such that 


lipo ed Ce (40) 
sciding these four and substituting G, for P,/V? gives 
R, +R R, 4 2w212 + R2 
=a ‘= ae if ews Bosca (41) 
0 0 


Jsually R,R, < Z§, so that the last term in the square brackets 
yay be omitted, giving eqn. (6). 

| In the low-pass type of network the constant loss in the 
juarter-wave element across the terminals will be negligible, so 
re term R,/Z? will not appear. The voltage across the coil, in 
nis case, is V, — V,, and from eqn. (33). 


[0 
ae AA (Ree oe a ne (42) 
t x I 25 Zo Z 
vhich may be rewritten as 
Ze w 
2eoyls (57 ee) r IRs 
V,- Ve, = V, — (43) 


SECTION, 


{ Sir Noel Ashbridge: I am particularly impressed with the 
reatment given by Messrs. Hayes and Page to what they call 
veneral considerations, for they give a remarkably clear explana- 
.on of what the problems were before the major decisions were 
rade. However, some people might think that all these were 
very simple, and that a certain amount of laboratory work, 
ollowed by a few weeks on field tests, gave an immediate 
‘mswer. This is far from the truth, and although the work was 
tarted before the end of the war, little definite information was 
svailable for some time as to whether a v.h.f. sound service 
vould be satisfactory. There were many opponents of the 
cheme, and a number of communications were made to the 
2chnical and other Press suggesting that it was wasteful still 
oe ther to improve the sound service, and that it would tend to 
vivert the available effort of industry and the B.B.C. from what 
wal ‘ly mattered, namely the development of television. 
*he B.B.C. saw no reason why the sound service should not 
le improved without impeding the development of television. 
& vas fairly clear that sound broadcasting would continue for 
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This may be seen to be identical with eqn. (33) except for a shift 
of frequency axis by an amount w Zo/2w,L,. Therefore the 
process followed previously for G;, leads to 


R ( Zo - sy ee (44) 


Gj Ga == 
bi eave Ja NDT stucco cs ZA 
(10.2) Proof of the Modulation Linearity of A.F. Phase-Inverting 
Cathode-Coupled Square-Law Valves 


Let V, = Common cathode potential to earth (excluding r.f. 
component). 
V, = Grid-bias potential to earth. 
V,,, = Modulating potential added to V, om one grid only. 
V, = Potential between grid and cathode (excluding r-f. 
component). 
k + Ak Replaces k in eqn. (16), for one valve, V;. 
k — Ak Replaces k in eqn. (16), for the other valve, V>. 
Vp, Replaces V, in eqn. (16), for V;. 
Vpx Replaces V, in eqn. (16), for V>. 


| 


V sin wt = R.F. potential applied to grid of Vj. 
—V sin wt = R.F. potential applied to grid of V>. 
sin wt = Total r.f. current in anode circuits. 


G,, = Total effective conductance. 
Substituting the above in eqn. (16) for the two valves gives 
G,, = disin wt/dV sin wt 
= 2(k + Ak\(V, Voy) 
= 2k(Va, — ~ + 2Ak(V, 
NY Bete Vin) 


k= AD Ve = 
ant Ape POR Cs 


Vo) 
Voy) 


Since VES ee 
Veg = V2 ze Ve 
Gy, as = 2(k + Ak)V, ae 4AkV, =F 2kK(V5> as V1) 
+ 2Ak(2V2 — Vy, — Vio) 


and 


If Ak be made zero by adjusting screen potentials, 
Gin = 2KVin + 2k(Vipn — Vor) 


which is the proportionality required, the second term merely 
representing a static departure of G,,, from zero. 


ISCUSSION ON THE ABOVE THREE PAPERS BEFORE THE RADIO AND TELECOMMUNICATION 
12TH DECEMBER, 1956 


more years than could be estimated. The Montreux plan had 
been made before the war and was agreed to by the majority of 
European countries, because most of them thought it better to 
have some sort of plan for broadcasting channels throughout 
Europe. However, the Montreux plan was very unsound and, 
fortunately, the war prevented its application. 

This was a warning, so far as the B.B.C. was concerned, as to 
what would happen if more stations were brought into service 
after the war. The Copenhagen plan was agreed in 1948, and 
although it was probably better than the Montreux plan it was 
still unsound. Some of the shared channels are not feasible 
—one has only to tune through the wavebands to realize this— 
and the position is worsened by the many ‘pirate’ stations not 
included in the plan. 

Work was therefore initiated before the end of the war, and 
was carried out by the late Mr. H. L. Kirke. It was difficult at 
first to establish reliable data with regard to both the relative 
efficiencies of frequency modulation and the two forms of ampli- 
tude modulation mentioned in the paper, and the field strength 
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which would give satisfactory results in both cities and hilly 
country. 

It is true that the United States had been operating f.m. 
stations on a considerable scale for some time, but many 
American engineers seemed opposed to any broad plan of v.h.f. 
broadcasting on the grounds that the service had not been a 
success: the principal technical reason for this, apparently, was 
the risk of multi-path reception, but possibly the real trouble 
was that it was introduced as something entirely new rather than 
as a means of obviating the interference due to congestion in 
the m.f. band. In any case, it was not a great success, and even 
in recent years there has been a tendency for the number of 
stations to decrease. However, this did not convince the 
B.B.C., but they did extend the field tests much further than 
planned, and also included lengthy observations by people who 
were entirely non-technical. 

The Atlantic City Conference of 1947 allocated us the band 
between 87-5 and 100 Mc/s, but do the authors consider this the 
most suitable part of the v.h.f. band? Given a free choice, what 
portion would they choose as the most favourable on an all-round 
basis? 

At the Copenhagen Conference in 1948, Western Germany 
was given a very poor allocation of channels in the m.f. band 
and none in the |.f. band, so that German engineers were more 
or less forced to develop v.h.f. broadcasting at once, whether or 
not it was less satisfactory in practice than appeared likely. 

By now, all questions which were acute in the first few post- 
war years have been answered; there is some sort of v.h-f. 
broadcasting in almost every country in Europe, and so far as I 
am aware, no country is using amplitude modulation for this 
purpose. 

The policy of combining television stations with the v.h-f. 
sound service is particularly interesting. It was planned well in 
advance, although it was not known whether a v.h.f. sound 
service was going to be authorized. When the television 
stations were being built it was, of course, so much easier to 
incorporate a y.h.f. aerial for sound in the mast structure rather 
than to add it later. 

The ideal service of sound broadcasting would be given by 
the combined use of low, medium and very high frequencies 
arranged in such a way as to be complementary. This has not 
been entirely achieved in this or any other country, but in the 
existing circumstances the latest plan which the B.B.C. have 
prepared is a very good compromise. 

Mr. B. N. MacLarty: When the B.B.C. first studied the possi- 
bility of covering Great Britain with a v.h.f. service, in spite of 
the large amount of information available from the United 
States on f.m. working, there were still doubts in the minds of 
many people on the relative advantages of frequency and ampli- 
tude modulation, especially when such factors as the design of 
cheap and efficient receivers were taken into account. 

The B.B.C. decided to carry out a test under practical working 
conditions, and the decision first to obtain information with a 
low-power transmitter and then to build a station equipped with 
two 20kW transmitters, one amplitude and the other frequency 
modulated, enabled those concerned with both propagation 
problems and receiver design to collect reliable data. The 
decision to use frequency modulation was therefore based on 
definite evidence. 

In the transmitters, which were designed by the contracting 
firms, many novel features have been incorporated, e.g. the 
operation of transmitters in parallel—a technique which was 
developed entirely in this country. 

We first operated two 200kW medium-wave transmitters in 
parallel in 1942, The experiment proved to be remarkably 
successful, but we did not then anticipate that within a compara- 
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tively short time television transmitters working at 200 Me/ ” 
would be operated in parallel, as is the case to-day. 

The use of f.m. transmitters as unattended units is ver) 
interesting and has been developed from the technique develope © 
for the B.B.C.’s medium-wave unattended stations. 

Frequency-modulated crystal drives were first used at thi 
Wrotham station, where they proved to be very satisfactory 
The idea had been rejected by many engineers, but several year 
ago Mr. Mortley believed that it could be achieved successfully) 
and we left him to develop the technique. Messrs. Beck » 
Norbury and Storr-Best state that this system was considerec|, 
but abandoned. I feel that this was a mistake, and wondei, 
whether they consider the scheme described in their paper to be) 
as reliable and consistent in operation as the directly modulatee 
crystal. 

I cannot understand why they adopted the large inductior) 
regulator which is incorporated in their transmitter. Apparently 
the idea is to eliminate some relays and contactors, but aftei) 
many years of experience I would prefer to maintain a fey 
contactors than a large induction regulator. I do not like the 
idea of oil-immersed equipment inside the transmitter frame- 
work: unless the capacity of the mains is very limited, I “<a 
prefer to see it in a separate fireproof chamber. 

Sir Harold Bishop: Sir Noel Ashbridge refers to deterioration 
in medium-wave reception and mentions the Copenhagen plan, - 
which originally catered for about 240 stations in Europe, whereas © 
there are now 450. This, of course, is why there is so much 
interference and why the B.B.C. has pressed forward with its. 
v.h.f. coverage scheme. We have now ten stations in operation 
and another six building. These will cover some 95% of bt 
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population with the B.B.C.’s three sound programmes, but) 
increasing the coverage beyond 95% becomes progressively more 
difficult. About 500000 v.h.f. receivers have already been sold,| 
and some 90% of the receivers now on the market costing £15) 
or more without purchase tax have a v.h.f. band. This repre- 
sents, I believe, some 37% of the total number of sets of all kinge 
which have recently been sold. 

Will Messrs. Hayes and Page discuss the question of frequency 
separation between stations? The B.B.C. have adopted 200 ke/s, 
but other countries have other standards and I should like th 
comments. We hope eventually to have four transmitters at 
Wenvoe instead of the three now operating, but for the fourth 
transmitter we must have a frequency exceeding 95 Mc/s. We 
also hope to have three low-power transmitters at Corwen 
instead of the one shown in Fig. 1. 

I was glad the authors dealt with the problem of multi-path- 
propagation distortion. Perhaps some of the receiver manu- 
facturers think we are painting the picture too darkly. They 
have agreed that limiters are the complete answer, but they are 
not willing to sacrifice 5dB of sensitivity. Moreover, there is 
an economic problem, because a limiter raises the selling price 
by £3-£5. 

What do the authors think about indoor aerials? 

Mr. J. K. S. Jowett: I should like to discuss one or two: 
planning questions relating to the paper by Messrs. Hayes and. 
Page in connection particularly with the use of the frequency 
spectrum by broadcasting services. 

We all know from experience the extremely congested state of 
the long- and medium-wave broadcasting bands, and Fig. A 
shows very approximately the average amounts (both. planned 
and actual) of transmitter power radiated in Western Europe in 
these bands, together with the planned and actual situation in 
the v.h.f. Band Il. Whereas, in each kilocycle per second of the 
long- and medium-wave bands an average power of some 
10-20kW is being radiated, this falls to 4kW (planned) or a 
mere 0°5kW (actual) in Band II. I hope it will not be argued 
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LONG 1000 ke/s 
WAVES MEDIUM WAVES 


kW PER kc/s (AVERAGE VALUES) 


Fig. A.—Use of sound-broadcasting bands in Western Europe. 


{_] Copenhagen and Stockholm plans. 
Position at the end of 1956, 


hat the v.h.f. band is therefore being ineffectively used or 
planned. In the light of the superior results obtained by v.h-f. 
»roadcasting, we might rather say that the ‘brute force’ method 
of compressing a large amount of radiated power in a very 
narrow frequency range is not the best way of using the broad- 
sasting parts of the frequency spectrum. 

Fig. B is of interest in view of the apparent close similarities 
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Fig. B.—M.F. and v.h.f. propagation curves. 


(i) 100kW at 1 Mc/s. 
(ii) 100 kW at 100 Mc/s. 


vetween the effects of long-distance propagation in the medium- 
vave and v.h.f. bands—effects which, of course, have a major 
nfluence on the planning of these bands. It is interesting to 
‘ompare the relatively steep slopes of the ground-wave curves 
letermining the primary-service-area range with the quite 
hallow slopes of the night-time ionospheric wave at about 
Mc/s in one case and the tropospheric wave at about 100 Mc/s 
rm: “he other (this curve refers to the signal exceeded for 1% of 
he time). The similarities are not quite as close as may at 
imt appear, however, since the medium-wave curves are plotted 
i a scale of distance only one-quarter that used for the v.h.f. 
u-ves. The interfering range of y.h.f. signals is far less than 
n=t of medium-wave signals, but the amount of frequency space 


* incorporating it. 


251 


needed for national-coverage v.h.f. broadcasting schemes has, 
because of long-range interference, proved larger than had at 
one time been expected. J should be interested to know whether, 
in the development so far of the B.B.C.’s v.h.f. broadcasting 
service, the effects of co-channel or adjacent-channel interference 
have proved in any way serious. 

Finally, do the authors consider that v.h.f. transmissions could 
provide a useful service to the highlands of Scotland or to the 
Western Isles ? 

Dr. K. R. Sturley: Eleven years ago I stated that there seemed 
to be strong technical arguments in favour of using frequency 
modulation for high-fidelity broadcasting, and the present papers 
prove the statement to have been justified. 

Under favourable conditions a field strength of 50“V/m can 
prove satisfactory. This is the situation in which I find myself 
in a rural area 120 miles from Wrotham. The receiver has a 
phase discriminator and a saturated-amplifier limiter, and for 
90% of the time the signal/noise ratio is very good indeed. 
Multi-path interference from aeroplanes is troublesome, and the 
passage of an unsuppressed car on a road on the Wrotham side 
and within 40ft of the aerial produces impulsive interference. 
At these low field strengths an oscillator of high frequency 
stability is essential. 

Reference has been made to the disadvantages of the ratio 
detector, and it is interesting to record my experience with the 
two types of limiter—the saturated amplifier (normally used in 
conjunction with the phase discriminator) and the variable- 
damping diode (the principle used in the ratio-detector limiting 
action). The saturated amplifier gave almost perfect gain- 
control characteristics and was a good suppressor of amplitude 
modulation, but impulse noise break-through was noticeable. 
The variable-damping diode gave no automatic-gain-control 
action and only partial amplitude suppression, but was a much 
better suppressor of impulse noise. This possibly accounts for 
the comment by Messrs. Hayes and Page that ‘the effect of 
impulsive interference may be less (for receivers with poor ampli- 
tude suppression) than for receivers having a good amplitude 
modulation suppression ratio’. 

The almost negligible improvement in signal/noise ratio 
achieved by the use of pre-emphasis when the receiver has a com- 
mercial-type loudspeaker suggests that there is little value in 
Would the authors omit it if starting again 
with our present knowledge? Co-channel interference is not a 
function solely of the limiter, but also of the discriminator 
bandwidth. The paper by Messrs. Beck, Norbury and Storr-Best 
shows little advance on the methods used 11 years ago. The 
separate self-contained standard units are a step forward, since 
the high-power transmitter represents only an additional stage 
on the low-power version. An enormous amount of training 
man-power can be wasted by having to cover a multiplicity of 
designs with operators or maintenance engineers. 

Mr. P. P. Eckersley: My experience with the reception of v.h.f. 
broadcasting on commercial receivers was unfortunate. With 
the aerial installed by the suppliers of the receiver, the impulse 
noise from motor-car engines was intolerable. Even with 
improved aerial arrangements there is still some interference, 
although it is very much reduced. I suppose that the ratio 
detector is responsible, but even with better limiting arrange- 
ments will not impulse interference cause a phase distortion of 
the carrier, resulting in noise? 

The decision to use frequency rather than amplitude modula- 
tion was a wise one, but was it determined by measurable and 
precisely determinable parameters or, in some considerable 
degree, by intangibles, e.g. experiences in other countries? 
Given a certain defined area to serve with good signals and a 
limitation of the frequency range to be employed, the wider 
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frequency spectrum demanded by frequency modulation would 
imply fewer stations and therefore lower field strength in certain 
locations; the compensation would be a higher signal/noise ratio. 
What would be the result and the relative cost of balancing these 
factors? Was this approach, or something like it, a determining 
factor in choosing frequency modulation ? 

The problem of allocating frequencies to sending stations 
would be easier if a radio system could be devised in which the 
field strength could be maintained at substantially its pristine 
value to the limits of the service area, beyond which it would 
immediately fall to zero. Although it may not be classed as 
radio, it is worth while pointing out that precisely this desirable 
condition is established when programmes are distributed 
through a wire network. 

Mr. W. J. Morcom: It has been my experience that, when two 
transmitters are operated in parallel, the resulting performance 
is the mean of the performances of the individual transmitters. 
This applies to transmitters in the low-, medium- and high- 
frequency bands and also in the v.h.f. band up to 200 Mc/s. It 
also applies to the resulting picture quality when television trans- 
mitters are operated in parallel on Bands I and III. Thus the 
early fears that there might be a deterioration of sound or 
picture quality when transmitters were paralleled are groundless. 

Although automatic phasing has been used by both contrac- 
tors in their transmitters, it is probable that this facility is not 
strictly necessary. Obviously, the greater the number of stages 
employed in each transmitter, the greater the possibility of relative 
phase-shift and the greater the need for automatic correction. 
It might appear that, by using tetrodes to increase stage gain, 
one could reduce the likely degree of phase-shift and reliably 
avoid the need for automatic phasing apparatus in unattended 
transmitters. 

I wonder whether the drop-coil regulator and its associated 
control gear is, in fact, more reliable than the conventional 
contactors. Reliable contactors are obtainable and are very 
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Messrs. E. W. Hayes and H. Page (in reply): In reply to 
Sir Noel Ashbridge, we consider that the most suitable part of 
the v.h.f. band for sound broadcasting lies between 50 and 
100 Mc/s, the lowest frequency being dictated by the need to 
avoid the possibility of long-distance ionospheric propagation. 
Within this preferred band, the lower frequencies are better 

' from the aspect of reducing the shadowing effect of hills; but 
other considerations, such as the level of ignition interference, 
multi-path propagation difficulties and the receiving-aerial 
requirements, must also be taken into account. Since the 
relevant factors are changing slowly with frequency, we feel 
that any part of the stated band would be satisfactory. 

Mr. MacLarty comments on the similarity between the use of 
the f.m. transmitters and the technique developed for the B.B.C.’s 
m.f. unattended stations. We agree that there is a similarity in 
some of the details, but the planning of the unattended f.m. 
stations is centred on the split aerial and feeder system which 
has been developed especially for use on v.h.f. systems. The 
transmitters are not connected in parallel, but work into individual 
transmitting chains which can operate completely independently; 
this arrangement has not so far been used at the m/f. stations. 

Referring to Mr. MacLarty’s final comment relating the use 
of oil-immersed equipment to the short-circuit capacity of the 
mains, the risk to which he refers is covered by the use of 60 amp 
h.r.c. fuses in the supply leads, which effectively limit the short- 
circuit current available. Reference is also made in the paper 
to the provision of automatically operated carbon-dioxide fire- 
extinguishing equipment. 
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much cheaper than the drop-coil regulator, of which one is) 
required for each transmitter. With contactors only one, more § 
simple, regulator per three transmitters is needed. 

One other point concerns the complexity of monitosiiay ir 
equipment. With unattended stations, the basic transmitting 
equipment should be as simple and robust as possible and) 
monitoring gear should be reduced to a minimum. I notice: 
that one of the monitoring receivers has seven valves: this could 0 
be reduced. 

Messrs. Beck, Norbury and Storr-Best refer to monitoring at 
one-third of the radiated frequency and multiplying by three to. 
achieve the actual appreciation of distortion. This is an indirect 
approach. Unattended stations should do things by the direct 
approach, to simplify monitoring. 

Mr. E. T. Norris: My remarks concern Section 4.3 of the pany 
by Messrs. Beck, Norbury and Storr-Best. i! 

Automatic regulators are, of course, well known. The drops 
coil regulator has been criticized on the grounds that it is a 
heavy and bulky apparatus, but these characteristics have not 
been noticeably affected by the developments the authors have | 
described. An automatic voltage regulator of 20kW capacity ) 
or more is itself a power apparatus of some size and weight and 
is common to every transmitter, whether amplitude or frequen 
modulated. ; 

Divorced from the transmitters, where automatic volta 
regulation is the essential and the other advantages additional,) 
this apparatus offers a new concept in electrical engineering. It” 
allows one to control a supply of electrical energy, switching 
on and off (although ‘switching’ is obviously not a suitable word 
here) without breaking any power currents, and even [as oe 
in Fig. 11(c)] dealing with short-circuits and clearing them in a 
fraction of a second smoothly and gently and again without) 
breaking power arcs or currents. It will be interesting to see} 
whether there are applications for this development in other) 
fields of engineering. 
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Sir Harold Bishop raises the question of the frequency separa-| 
tion between stations; in this country the separation is 200 ke/s, 
which we regard as the best compromise in view of the require- 
ment to provide coverage of three programmes within the 
restricted band of 88-95 Mc/s. This requirement unfortunately 
entails the possibility of occasional co-channel and adjacent- 
channel interference; if a wider band were available, the 
optimum frequency separation between stations would require’ 
re-examination. In Europe, where the full international band 
of 87-5-100 Mc/s is used, a channel separation of 300kc/s hee 
been adopted. ' 

In a great many cases relatively simple indoor aerials will give 
satisfactory reception of the v.h.f. transmissions, but if ignition: 
interference is severe, or if multi-path propagation distortion’ 
occurs, special care is necessary with the aerial installation. 
This may involve choosing the position with care, or the use of a 
directional aerial. An aerial in the loft of the house will often’ 
be satisfactory in these cases; however, if experimznt to find a 
solution along these lines is unsuccessful or inconvenient, an 
outdoor aerial is generally to be recommended. 

In answer to Mr. Jowett, there have been occasional complaints 
by listeners of both co-channel and adjacent-channel interference. 
These complaints have not so far been more numerous than 
would be expected, bearing in mind the planning standards. . In 
mountainous areas we regard v.h.f. transmissions as being of 
use only for the provision of a local service. S 

Dr. Sturley confirms our experience with ratio detectors in the 
presence of ignition interference. Their unexpectedly good 
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verformance is probably due to a partial cancellation of one 
fect by another. 
' The benefits of pre-emphasis, although small, seem to us to 
ie worth while, since they involve little complication of the 
ystem. Pre-emphasis also reduces multi-path progagation 
‘istortion to some extent, for it permits a top cut in the af. 
‘ssponse of the receiver. 
| For co-channel interference to be tolerable, the field strength 
{the unwanted signal must not exceed about 10% of the wanted 
jignal: a wide-band discriminator gives no advantage here, and 
. would be helpful only when the interference was well above the 
svel tolerable for a broadcasting service. 
' We agree with Mr. Eckersley that motor-car ignition systems 
‘an give rise to audible interference, even though the receiver 
neorporates a perfect limiter. The best that the broadcasting 
srganization can do is to provide a signal of sufficient strength 
> make the interference as small as practicable. The reception 
tandards given in Section 3.1.4 represent what we regard as a 
szasonable compromise, bearing in mind the conflicting require- 
sents. It is, of course, unfortunate that a compromise is 
secessary at all. Interference can be minimized by exercising 
ware in the tuning of the receiver and in positioning the aerial. 
‘Ve would emphasize particularly that some experimenting with 
ae position of the aerial is desirable to obtain the best results. 
a big reduction in the general level of ignition interference 
vould be achieved if a resistor at each car sparking-plug were 
sed, rather than a resistor in the distributor lead—the method 
5 common use at present. 

in choosing the modulation system, although taking account 
\f the experience gained in foreign countries, the B.B.C. carried 
“ut an independent investigation of the points at issue. Unfor- 
junately, the results cannot be expressed in ‘precisely determinable 
iarameters’ which can be totalled and compared. There are 
many considerations to weigh, and we may not all agree on the 
lative importance to be attached to individual considerations. 
(he problem was examined by the Television Advisory Com- 
ittee, and their report (Reference 8 in the paper) gives the 
hnformation Mr. Eckersley requires. 
' We agree that, generally speaking, the aim of the system 
vesigner should be to maintain the same field strength over the 
vhole of the service area. Unfortunately, it has so far been con- 
dered impracticable to build aerials fulfilling this condition for 
ne relatively low frequencies under consideration. However, 
verials are in use for broadcasting in the u.h.f. band which 
lubstantially satisfy this condition. 
| We agree with Mr. Morcom that automatic phasing of the 
ransmitters is probably not always strictly necessary. For 
stance, in our plans for Stage II of the national coverage 
heme we have included two low-power unattended stations 
"hich we expect will operate without automatic phase control. 
* transmitters are designed successfully to start up unattended 
8 single units, there is little added risk when two are used in 
arallel without automatic phasing, although some phase error 
i likely during the first few minutes of each transmission. 
Messrs. A. C. Beck, F. T. Norbury and J. L. Storr-Best (in 
2ply): In reply to Mr. MacLarty’s question on the reliability 
nd consistency of the system of frequency modulation and 
entre-frequency control used in our 10kW transmitter as com- 
ared to the use of a directly modulated crystal, we consider 
1st our system has many points in its favour: it is, after all, the 
tassical approach to the problem. Admittedly other systems 
am give a good performance, but generally, in such systems, the 
reblems of centre-frequency stability and modulation linearity 
senot be treated independently. In our system the chain of 
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dividers, used purely for centre-frequency control, is outside the 
signal chain and hence results in a simplification of the latter 
enabling a high performance to be readily obtained and con- 
sistently maintained. 

The system we have described may show little change from 
the methods of the previous decade, as Dr. Sturley has said, 
but classical systems do not alter with time. While other systems 
were considered for the project, it was felt that an increase in 
the technical complexity of the equipment would have been a 
step in the wrong direction at a time when more and more 
emphasis is being placed on the need for unattended operation 
over long periods. 

The drop-coil regulator incorporated in the transmitter, 
referred to by Mr. MacLarty and Mr. Morcom, is a new idea, 
aimed at simplicity of control. By a small modification of the 
moving-coil-type regulator—a piece of apparatus almost invari- 
ably used in every radio installation—it has been possible to 
eliminate all arc-forming contactors or circuit-breakers and 
fuses used for apparatus protection. Since statistical evidence 
shows that 40% of the off-the-air maintenance time is occupied 
on such devices, their elimination must have a beneficial effect. 
The moving-coil regulator already has a good reputation for 
unattended operation in power-supply undertakings. The 
regulator could readily be housed in a separate fireproof enclosure, 
but the fire risk for this type of low-voltage equipment is very 
slight. 

Mr. Morcom appears to have confused the monitoring facilities 
provided for the convenience of a local operator with the essential 
minimum provided for automatic monitoring on an unattended 
basis. In the latter case the monitor works directly from the 
output of the drive, without intermediate circuits, and so may 
fairly be described as a direct approach. 

Mr. W. S. Mortley (in reply): Mr. MacLarty refers to the 
novelty of the f.m. crystal drives and their successful develop- 
ment for Wrotham. It may seem strange that such ideas should 
have been rejected by other engineers, apparently without good 
cause, and an explanation seems to be needed. The success 
achieved depends upon five main things, namely 


(a) The realization that linear frequency modulation might be 
achieved by coupling a linearly modulated susceptance to the 
crystal by means of a quarter-wave network. 

(b) The realization that it could be maintained in oscillation 
without amplitude modulation by coupling a negative conductance 
to the crystal by the same quarter-wave network. 

(c) The realization that oscillation would occur at a pole frequency 
of the network unless a circuit were included to lower the circuit 
impedance at such frequencies. 

(d) The use of a crystal plate without spurious resonances within 
the significant bandwidth of the modulated oscillator. 

(e) Simple methods of circuit alignment. 


It is not surprising that a coincidence of these five things had 
not occurred earlier. 

By very good luck, only a threefold coincidence was necessary 
to start the development, for it was not appreciated that crystal 
plates without significant spurious responses did not exist at 
that time. Later, the circuit design having proved successful, 
there was a strong stimulus to search for the cause of the 
unwanted crystal vibrations which were found. When the cause 
had been discovered and analysed, methods of bringing the 
resonances under control, as described in the paper, could be 
evolved. 

The fifth requirement then received attention, and more good 
luck became evident in the quadrature phasing of the a.m. 
components, due to quarter-wave circuit and modulator-phasing 
errors, as described in Section 5 of the paper. 
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PROPAGATION CHARACTERISTICS OF LOW-LOSS TUBULAR WAVEGUIDES | 
By Prof. H. E. M. BARLOW, Pbh.D., B.Sc.(Eng.), Member, and H. G. EFFEMEY, Associate. | 


(The paper was first received 10th October, and in revised form 27th December, 1956.) 


SUMMARY 


Tubular metal waveguides of circular cross-section supporting the 
Ho1-mode and operated at a frequency well above the cut-off value 
for the guide are known to be capable, in ideal circumstances, of 
providing a screened microwave channel having an attenuation of only 
a few decibels per mile. The paper is concerned with the practicability 
of this arrangement at a frequency of 35Gc/s employing straight 
lengths of copper and aluminium tubes, 0-9-2-74 in inside diameter, 
manufactured and installed to commercial tolerances. Using pulses 
of 0-1 microsec duration at this frequency, it is demonstrated that with 
solid-drawn tubes of standard production attenuations about 30% 
above the theoretical value are readily obtainable, and the conditions 
of propagation are entirely stable. Arrangements for launching the 
wave both from the usual Ho; rectangular-guide source and directly 
from a magnetron oscillator are discussed. Attention is drawn to the 
possible application of such a waveguide to trunk communication 
and to high-power transmission. Although progress has been made 
on the problem of propagation round bends in the guide, a really 
satisfactory solution has not yet been found, and further work on that 
aspect is in progress. 


(1) INTRODUCTION 


It is well known that a hollow metal tube of circular cross- 
section can be used as a shielded channel for the transmission of 
microwave power, and that in favourable conditions attenuations 
as small as a few decibels per mile can be attained. To achieve 
this, the so-called ‘low-loss’ Hg,-mode is employed (see Fig. 1) at 


Fig. 1.—Electric and magnetic field patterns for low-loss circular 
Ho1-mode. 


a frequency well above the cut-off value for the guide, which 
therefore becomes capable of supporting many other modes at 
the same time. Consequently, a problem of great importance in 
the application of this arrangement is to avoid the excitation of 
unwanted modes which tend to arise at imperfections in the guide 
and at any departure from a straight run. 
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As a communication channel! the waveguide is attractive | 
because it is shielded from outside interference and, in comparison’ 
with the coaxial line, it offers a wider band of usable frequencies, . 
The development of the coaxial line with repeaters for long-| 
distance communication up to frequencies of about 25 Me/s 
seems to have fully exploited its capabilities in that kind Fa 
application, and the hollow tubular waveguide appears, therefore, 
to be destined to provide some of the additional services required 
at higher frequencies. Microwave radio links, as competitors 
in this field, suffer the disadvantages of lack of privacy and> 
susceptibility to electrical interference and unsatisfactory per- 
formance in certain climatic conditions. Moreover, the growing) 
congestion of the ether points to the need for discouraging the 
use of free-space radio systems, except where they are unavoid-— 
able, as in broadcasting, or when mobile terminal equipment has 
to be employed. The highly directional character of microwave. 
aerials does not necessarily preclude interference with other) 
services because of the difficulty in making side-lobe radiations 
negligible. 

Apart from its application to communication systems, the low- 
loss waveguide may have other important uses. Thus there are! 
advantages in employing such guides for transmitting high-power 
microwaves even over comparatively short distances such as from 
a transmitter to an associated aerial. The guides are necessarily 
of comparatively large cross-sectional area, and this enables them} 
to be used for high powers without breakdown. Simple butt 
joints can be made between two lengths of the tube, and, provided: 
that the alignment is maintained, no serious losses are thereby 
introduced. ; 

The paper is concerned more particularly with the practical | 
problem of launching and transmitting low-loss waves at a fre- 
quency of 35Gc/s along approximately straight lengths of 
commercial metal tubing. The objective was to establish the | 
practicability, from the point of view of achieving low losses, 
of a number of different waveguide runs erected with tolerances 
likely to be acceptable in an engineering installation. 


(2) FEATURES OF THE LOW-LOSS WAVEGUIDE 


The whole family of Ho, circularly symmetrical modes* exhibit. 
the interesting feature of progressively decreasing attenuation with 
increase of frequency (Fig. 2), whilst all other wave modes asso- 
ciated with hollow metal guides show a minimum attenuation at 
a frequency not very far above cut-off. In all cases the attenua- 
tion is reduced by increasing the cross-sectional dimensions of 
the guide, but the unique effects of frequency on the circular 
Ho,-modes marks them out as particularly advantageous for 
low-loss applications in the millimetre part of the microwave 
spectrum. Experiments have shown that the theoretical predic- 
tion of a progressively decreasing attenuation with increase of 
frequency is in fact realizable down to a few millimetres wave- 
length, provided that the guide is straight and of substantially 
uniform circular cross-section. In examining the expressions for 
the field associated with various waveguide modes, it will be 
observed that, for a given power transmitted, transverse com- 


BS euhis includes such waves supported by coaxial lines, but only hollow tubes of 
circular cross-section are of practical importance for the purposes under discussion. 
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Fig. 2.—Theoretical attenuation of circular Ho;-mode ia 
high-conductivity copper guide. 
Operating frequencies of: 

(a) f—3'Ges: 

(6) f = 10Ge]s. 

(c) f = 35GeJs. 
ionents of the magnetic field adjacent to the metal surface 
ncrease with frequency, whilst longitudinal components fall. 
hus, to obtain the low-loss feature, which is associated with small 
urrvents in the wall of the guide, only components of magnetic 
eid in the direction of propagation can be permitted adjacent 
» the wall, and this implies that the corresponding transverse 
chi must be radial with a longitudinal return path (see Fig. 1). 
‘ might at first sight be thought that a guide of square section, 
even elliptical, might satisfy the requirements, but, bearing in 
sind that the transverse electric field cannot be given any support 
yy charge on the wall of the guide, the divergence of that field 
nust be zero and therefore it can take only a circularly sym- 
netrical form. Tischer? has proposed as a low-loss waveguide 
parallel-strip transmission line supporting a composite wave 
"ith an evanescent structure at the edges. So far, there is no 
<perimental confirmation of the practicability of this arrange- 
sent, and in any case the loss in the dielectric spacers is likely 
> outweigh any advantage gained by reduced losses in the metal 
lates. 
Of other waveguide systems it is known that the single-wire 
-ansmission line operated in the v.h.f. band will, in favourable 
ircumstances, give attenuations as low as 10dB per mile,> 
ut its performance may be seriously impaired by adverse weather 
onditions and there are also disadvantages in the lack of 
screening. 


(3) EXPERIMENTAL WORK 


(3.1) Attenuation Measurements on Straight Lengths of 
Guide 

The experiments were all carried out at a frequency of about 
5 Ge/s, and measurements of the waveguide attenuation followed 
quch the same plan as that employed at lower frequencies by 
ims* and those engaged on this problem at the Bell Telephone 
aboratoriesS (see Figs. 3 and 4). A magnetron valve (type 
9005) was modulated to give 1000 pulses per second, each 
aving a peak power of about 10kW and a duration of 
-tmicrosec. These pulses were used to excite the required 
[..-mode by way of a small hole at one end of a short-circuited 
‘nsth of the tubular waveguide under test. The launching 
rvangement was in this case made deliberately inefficient, so that 
1 input opening did not reduce substantially the reflection 
sefficient at the end of the guide, and the pulses were therefore 
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Fig. 3.—Launching and receiving arrangements. 


(a) Copper tube 110-196 ft long and 0-9 + 0-000Sin inside diameter. 
(b) Copper tube 150-195 ft long and 1-356 + 0-001 5in inside diameter. 
(c) Copper tube 150 ft long and 2:0 + 0-003 in inside diameter. 

(ad) Copper tube 150 ft long and 2-74 + 0-018 in inside diameter. 


Aluminium tube 150 ft long and 2:74 + 0-004in inside diameter. 
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Fig. 4.—Schematic of apparatus used for pulse measurements. 


Launching and receiving arrangements are varied with size of guide, as shown at (a), 
(b), (c) and (d) of Fig. 3. 


allowed to travel backwards and forwards along the length, 
suffering for the most part only the attenuation of the guide 
itself. Thus, much of the magnetron power was thrown away 
in the launching process and other modes were unavoidably set 
up, but their higher attenuation ensured that they were absorbed 
after traversing a few lengths of the guide, and Ho,-pulses were 
then left comparatively uncontaminated for investigation. It was 
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found necessary to vary the launching technique with the diameter 
of the guide, and for the smallest size (0:9in inside diameter), 
which attenuated even the Hp,-mode fairly rapidly, a more 
efficient arrangement [Fig. 3(a)] was required. For the inter- 
mediate sizes (1-356 and 2in inside diameter) it sufficed to 
launch through a hole in the circumference of the tube [Figs. 3(5) 
and 3(c)], but for the largest size (2:74in inside diameter) the 
launching hole had to be made through the plate on the end of 
the guide [Fig. 3(d¢)], where access could be obtained to a stronger 
part of the field. 

At each successive reflection at the sending end of the guide, the 
pulses were sampled through another small opening, converted to 
a frequency of 60 Mc/s by mixing with the output of a local 
oscillator, amplified, and then displayed on a high-speed cathode- 
ray oscillograph (Fig. 4). The rate of decay of the pulses gave a 
measure of the attenuation of the guide, taking into account the 
losses at the two ends. As Sims has shown, measurements on 
different lengths of the same guide enable a correction to be 
made for imperfect reflections at the terminations, so that an 
accurate value of the attenuation of the guide itself may be 
obtained. In the case of the larger sizes of tube (2 and 2-74in 
diameter) duplicates of the launching and receiving holes were 
made at one end of the guide, and the measurement of its 
attenuation was repeated to ascertain the effect on the losses of 
the additional holes. The rate of decay of the pulses was 
evaluated by means of a rotating-vane attenuator whose calibra- 
tion, so far as relative values are concerned, depends only on the 
angle of rotation. The instrument must work into a matched 
guide, and this was arranged with the help of a fixed padding 
attenuator and a hybrid-T, one arm of which was terminated in 
amatched load. Thus the observations consisted in introducing, 
by means of the rotating-vane attenuator, sufficient additional 
attenuation to reduce the amplitude of a selected pulse to the 
level of a succeeding one before the change was made. Using 
this technique, the performance of a number of tubular metal 
guides—some of copper and some of aluminium—of different 
diameters was investigated and their attenuation measured with 
an error not exceeding +10%. All the tubes were of standard 
commercial production and not manufactured as waveguides. 
They were erected in 15ft lengths end-to-end using butt joints 
so as to give an approximately straight run, but no special care 
was taken in the alignment. It was found that the d.c. elec- 
trical conductivity of different tubes of nominally the same metal 
varied considerably; consequently, measurements of conductivity 
were made on each individual length and the average value was 
used in calculating the theoretical attenuation. The tubes were 
also gauged for size, and an estimate was made of variations 
from the mean internal diameters. In all cases an approximate 
assessment was made of the condition of the waveguide surfaces. 
The results of the experiments on copper tubes are shown in 
Fig. 5. 

It will be seen that the measured attenuation exceeds the corre- 
sponding calculated value by an amount which increases rapidly 
with the size of the tube. This was partly due to the greater 
imperfections of the larger tubes arising from ellipticity, macro- 
scopic surface irregularities, and departures from uniformity of 
cross-section, but the increased number of modes which these 
guides are capable of supporting is also significant. Fig. 3 
records maximum variations in the diameters of the different 
tubes, and this is some indication of the resulting contamination 
to be expected in the Hp;-wave. Experience showed that serious 
contamination was always accompanied by changes in the shape 
of the pulse when the piston at the far end of the guide was 
moved, and that, in these circumstances, the losses, as given by 
the rate of decay of the pulse amplitude, could be considerably 
reduced if one tube forming part of the guide were rotated about 
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Fig. 5.—Calculated and measured values of attenuation for copper — 
; tubes. “tes 
(a) Calculated attenuation employing measured values of conductivity. xy 


(b) Measured attenuation. ; 
(c) Percentage increase in attenuation above the calculated values. 


its axis relative to its neighbour until the best position was 
found. The 0-9in and. 1-356in diameter copper tubes did not 
noticeably suffer these defects, and measurements on them were 
quite straightforward, but, in the cases of the 2in and the 2:74in 
diameter tubes, care had to be taken to adjust the orientation of 
the individual 15ft lengths and the position of the piston at the 
far end so as to get minimum overall attenuation. Similar treat- 
ment was required in making experiments on a 2-74 + 0-004in 
diameter aluminium tube for which the measured attenuation 
was 2:24dB per mile compared with the calculated value of ) 
1-54 dB per mile, a difference of 45%. It is interesting to observe - 
that for the aluminium tubes the conductivity was much closer 
to the value for the pure metal than in the case of the copper 
tubes, and consequently the overall attenuations for correspond- 
ing sizes of copper and aluminium were not very different. 
In order to examine more closely the effect on the attenuation 
of ellipticity and irregularities of cross-section, a series of measure- 
ments were made on four different guides, each of 1-356in mean 
diameter, as recorded in Fig. 6. It will be seen that when the 
normal copper tube was deliberately made elliptical, to the 
extent of +20 mils difference between the two mutually perpen- 
dicular diameters, its attenuation was roughly doubled. An 
extruded aluminium tube, having a longitudinal waviness in the 
surface contour giving +10 mils variation in diameter, showed a 
50% increase in attenuation over what would be expected of a 
good tube. It was found possible to improve the performance of 
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Fig. 6.—Attenuation of various copper and aluminium waveguides. 


(a) Normal copper tube 1-356 + 0-001 Sin inside diameter. 

(6) Copper tube of mean diameter 1-356in inside and rolled to elliptical cross- 
ction with +0-02in difference between diameters. 

{c) Extruded aluminium tube of mean diameter 1-356in inside with longitudinal 
aviness giving variation of +0-01in diameter. 

(d) Same tube as (c) but some adjustment made to reduce attenuation by rotating 
dividual lengths about their axes. 


nis aluminium guide by rotating one length about its axis relative 
» another. It is significant that all the defective guides show an 
creasing rate of change of attenuation with length as the guide 

extended, suggesting that the spurious modes, when given 
reater freedom, play a more important role in dissipating power. 
he reflection loss at the ends was, in all these cases, negligible. 


$.2) Arrangements for Launching a Substantially Pure Ho1-wave 


_ An important consideration in launching a substantially pure 
igi-wave is that we are interested in producing a mode that is 
iot the dominant one, and this adds enormously to the difficulties 
avolved. The problem has already been dealt with extensively 
a the literature® and it will suffice here to call attention to par- 
‘cular points arising out of the present work. 

The assumption has always been made that a transducer is 
equired to convert from the Hp;-mode in a rectangular guide to 
ne corresponding wave in a guide of circular cross-section. This 
- not necessarily so, and a magnetron excited in the zr-mode 
sems to lend itself, without great difficulty, to the direct excita- 
son of the required circularly symmetrical Ho, field, as shown in 


OUTPUT FROM 
MAGNETRON IN 


Hoy COAXIAL MODE 


ANODE BLOCK 


RESONANT CAVITIES 


Zoi, 


complete tube of circular section, probably offers the best ali- 
round performance in this respect. Nevertheless, a useful com- 
promise capable of giving quite good results over a more limited 
frequency band makes use of four Ho, rectangular guides, formed 
by bifurcating in the H-plane the original single guide to form a 
pair, each of which is bifurcated again to give the four required 
to feed symmetrically into the guide of circular section. This 
can be done by injecting either into the end of the circular guide 
or radially through the cylindrical wall (Fig. 3). The latter 
arrangement has the virtue that no longitudinal component of 
electric field is excited, and a piston can be introduced into the 
end of each of the component guides for phasing adjustments. 
It is obviously an advantage to launch into a tube of diameter 
only just sufficient to support the required Hp, circular mode, 
but the subsequent use of a taper to increase the size of the tube 
introduces contamination. Experience has shown that to prevent 
this from becoming serious the taper must be at least 30 wave- 
lengths long for doubling the diameter. 

Whilst it is clearly most undesirable to put any energy into 
spurious wave modes, some latitude is permissible because of the 
filtering action of the guide. A simple calculation shows that 
the rate of attenuation of frequencies within the usable modula- 
tion band or base band associated with a given carrier is much 
smaller than that of the spurious modes. 

A good launching device is, of course, equally good for the 
purpose of extracting energy from the wave. 


(3.3) Examination of the Field Distribution in the Guide 


A wave analyser using a rectangular Hg; waveguide probe was 
constructed as shown in Fig. 8A, and with this instrument either 
circumferential or longitudinal components of the field in the 
main tubular guide could be selected for examination. Unfor- 
tunately, this instrument does not distinguish between the various 
parts of the total field in a given direction, contributed by the 
different modes present, and gives no information about any 
phase difference between them. However, since the Hp;-wave is 
circularly symmetrical and includes no longitudinal electric field, 
the wave analyser was useful for estimating the impurity content 
and the extent to which spurious E-modes contributed. Fig. 9 
shows the circumferential electric field distribution as determined 
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Fig. 7.—Arrangement for launching circular Ho;-mode directly from magnetron. 


‘ig. 7. If, however, we start with the dominant mode in a 
sctangular guide, many varieties of transducer are available, but 
27 few of them have broadband properties and are capable of 
uoching a pure wave over such a band. The gradual opening 
it of a rectangular guide, first to a sector form and thence to a 


by the wave analyser for a 1-356in diameter guide supporting a 
substantially pure Hpy,-mode. An alternative device which 
proved most helpful in getting a qualitative idea of the degree 
of perfection of the required circular Ho;-mode was made by 
introducing a low-pressure inert-gas discharge tube into the wave- 


—— 
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following the effects produced when discontinuities were intro- i 

WMEQUIDE OUTPUT Reo eae duced into the guide. In constructing the gas discharge tube, a) 
PIS Une anol short length of the metal guide was enclosed in a sealed cylindrica)|” 
glass envelope with thin-walled flat ends (Fig. 8B). The device) 
was mounted so that the metal guide became as nearly as possible 
continuous, but if desired a choke joint may be used to short-) 
circuit the gap between the main guide and the discharge-tube 
section. 
Various inert gases, including neon and helium, were employed i 
at different times in the discharge tube, and operated at a pressure}, 
of about 30mmHg. Absolute cleanliness, with complete exclu-)) 
Ho, RECTANGULAR sion of water vapour, was found to be necessary to make onal 


GUIDE OUTPUT TO discharges at these frequencies possible with the electric field) 
DETECTOR i 


| CIRCULAR 
Ho GUIDE 


SAMPLING 
HOLE 


; GY (fa: SSSA 
Z2 
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Fig. 8A.—Wave analyser with crystal detector. 


The sleeve carry ing the rectangular-w aveguide output to the detector is rotatable as a 
whole about the axis of the main tubular guide. The Ho; rectangular-guide output to 
detector can be rotated about its axis to sample longitudinal or circumferential field 
components. 


THIN-WALLED 
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CIRCULAR H } 
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LOW—PRESSURE GAS-DISCHARGE 
TUBE IN GLASS ENVELOPE 
FORMING CONTINUATION OF 
CIRCULAR-SECTION WAVEGUIDE 


Fig. 8B.—Wave analyser with gas discharge detector. 


Fig. 10.—Gas discharge in guide supporting a circular Ho,-wave. 


available: Fig. 10 is an actual PEeeaee of the electrodeless | 


eee 


(4) ANALYSIS OF RESULTS | 

(4.1) The Choice of Diameter of Guide, Metal Employed and 
Frequency of Operation for Trunk Communication 

Using M.K.S. units, the attenuation, due to conductor losses, | 


of the circular Ho;-mode in a guide of radius rg operating at a| 
frequency f is given by 


=e (fd fy” \ nepers per metre (1) : 
Zolrov [1 — LIA?) i: 
1-335 108 
where /{, = : = Cut-off frequency 
0 
Zo = uw = Plane-wave impedance of dielectric 
d medium within the guide 
FO ae lr aii a a ate R= AS = Surface resistance of metal wall of 
Fig. 9.—Polar curve of circumferential electric field Cis eB UU te in guide 
guide of 1-356in inside diameter. Hm, & = Permeability and conductivity, respectively, of 
: metal wall of guide. 
guide at an open end remote from the transmitter. When the 
desired mode was present a series of discrete rings of ionization 10° make « small we therefore require: 
concentric with the tube and spaced longitudinally at intervals (i) ro large and consequently f,/f small. 
of half a guide wavelength were excited visibly in the discharge (ii) R, small, which implies o large. 


tube. Any marked contamination could readily be observed in 


é | (iii) Ze large, which in practice means avoiding solid dielectric 
that way, and this form of analyser was particularly useful in 


even if the losses in it were negligible. 
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Using an air-filled guide it is more convenient generally to 
‘write eqn. (1) in the form 


2°46 x 105 


teal) I) 


here rg is expressed in inches, and o as before in mhos per 

1etre. Since under the conditions employed in this application 

If)? > 1, the expression (2) can be simplified still further. 
Expressing f, in terms of rg measured as before in inches whilst 
remains in mhos per metre, we have 


fe51 x 107° 3209 107\2 ; : 
Sage |! ai a a decibels per mile . (3) 


As a further approximation, which is only roughly true, the 
»cond term in the square bracket can be neglected compared 
‘ith unity, showing that « decreases more rapidly with increase of 
, than it does with increase of f. In fact, for a given fractional 
nange of ro, the corresponding fractional change of « is approxi- 
nately twice as large as it is for the same fractional change of 
requency. The curves in Fig. 2 show a calculated for high- 
>nductivity copper guides (o = 6 x 107 mhos/m) over a range of 
, at a particular working frequency. 

_ it is clear from these results that guides operated at the higher 
eequencies require a larger f/f, ratio for a given attenuation. 
‘45 means that the low-attenuation guides used in the millimetre- 
‘avelength range provide for more freely propagating unwanted 
jave modes than do the corresponding guides at centimetre 
yavelengths. Bends in the tube and lack of uniformity of cross- 
scion are inevitable in any practical application, and conse- 
uently spurious modes are bound to be excited. At the higher 
vequencies one would expect this to be a more serious considera- 
ion. The conductivity o of the metal employed for the guide is 
enerally of less significance than the condition of the surface 
nd the irregularities of cross-section of the tube. Thus, for a 
erfectly smooth surface, aluminium would be expected to give 
h attenuation only about 28 % higher than copper. Experiment 
nows that, when aluminium is used, drawn tubes are much 
uperior to those that have been extruded, and that good copper 
ubes of standard commercial production up to 2in diameter give 
‘tenuations falling short of theoretical perfection by only some 
5% or less at the millimetre wavelengths employed. Chu7 has 
nown that ellipticity of the guide may be expected to cause a 
irge increase in its attenuation, and Fig. 5 confirms this. Chu’s 
ulculations assumed a uniform ellipticity along the length, and 
. practice that is unlikely to occur. Random ellipticity is not 
) serious, and, by suitable orientation of different sections of 
lliptical guide relative to one another, it was found that losses 
rising from the deformity could be substantially reduced. On 
xe Other hand, an elliptical guide having major and minor axes 
‘maining always in the same plane along the Jength gave, by 
»mparison, a very poor performance. Experience also showed 
iat the longitudinal alignment of a number of different sections 
* tube butted end-to-end to form a straight run of guide was 
st so important from the point of view of attenuation as 
regularities of cross-section. 

|The foregoing considerations emphasize the need for a com- 
romise in choosing the most appropriate size of guide, the 
ilerances permissible, the metal to be employed and the fre- 
seacy of operation. The experimental curves (Fig. 5) showing 
‘tenuations for different diameters of tube at a particular fre- 
Jeacy are relevant. Cost of guide, mechanical convenience 
2 availability of equipment for use at the frequency chosen 
‘e also matters of first importance. Taking all of these factors 
‘te consideration it seems reasonable to conclude that, as a trunk 


o= decibels per mile . (2) 
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communication link, development of the low-loss waveguide 
should proceed at a wavelength of about 8mm using solid-drawn 
copper or aluminium tubes having an internal diameter of 
between 14 and 2in with a tolerance not exceeding +2 mils. 


(4.2) Phase Distortion, Amplitude Distortion, and Permissible 
Base Bandwidth for Guide as a Communication Channel 


In a distortionless system the phase angle f/ for a length / of 
guide should be directly proportional to frequency, and the 
attenuation « independent of frequency. 

Thus, for a perfect guide in this respect, d?(8l)/df* = 0 and 
da/df = 0. Since low-loss guides are operated a long way from 
cut-off, the phase distortion is very much reduced. Miller and 
Beck? refer to unpublished work by Darlington leading to an 
expression for the permissible base bandwidth for an Ho; low- 
loss guide, assuming phase distortion not exceeding 180° for the 
complete length. This expression may be obtained, using a 
slightly different approach, as follows. 

The group delay time 7 is defined in terms of the group 
velocity v, 


P dastlinng led dpa i 
’ In df wl —Glif?| 


U 


where v = free-space velocity. 


d>(Bl) _ een CAs 
df ~~ of = GPP 


Distortions occur if groups of waves (e.g. Gaussian wave- 
packets) centred on different carrier frequencies suffer different 
group delays. For a base bandwidth fp, the difference in group 
delay times for wave-packets at the extreme ends of the bands is, 
to a first approximation, 


Hence 


d d*(pl 
wi — 12 fog = 2 — 


Provided that tr; — 7, does not exceed the shortest rise-time 
Tr which can be transmitted through the system, there will be 
no significant distortion. 

Now Tr ~ 4fg and therefore the maximum permissible value 
of fp corresponds to Tg = 7; — 72, 


be athens el). 
ts 2fg 2a af? 
ce hd WO PE ed 
giving Te IN) les re wee iC.) 


The corresponding amplitude distortion per mile is obtained 
by finding, from eqn. (2), 


doo 1:04 x 1010 3/1 f)2 — 1 ! 
ae ( rzall ) PPL? — 12 


and for a change of frequency df = fp the associated change of 
attenuation per mile, 


ae ee x ee 


Det 
reo 


AUB ESe a 
APTA = 1]3/2 * 


Applying expressions (3), (4) and (5) to a high-conductivity 
copper guide having o = 6 x 107 mhos per metre, rp = 0-678 in, 
and operated at a carrier frequency f = 35 Gc/s, we find: 


a = 10dB/mile 
fn = 87Me/s for | = 4 miles 


B 
and Aa = 0:04 dB/mile 


260 


Thus, over the base bandwidth permitted under the conditions 
postulated, amplitude distortion arising from dispersion is 
clearly negligible for a perfectly straight guide of uniform 
cross-section. 


(4.3) Lesses and Distortion Arising from Mode Conversion 


The problem of avoiding mode conversion during propagation 
of an Ho, circular wave in a tubular guide is perhaps of greater 
importance and, at the same time, of greater difficulty than any 
other. No guide can be of precise circular symmetry, exactly 
straight and of uniform cross-section throughout its length. 
The field distortion caused by discontinuities will, in general, 
give rise to other modes, and because the guide is operated at a 
frequency well above cut-off, most of those other modes will be 
of a propagating nature, setting up marked contamination of the 
Ho1-wave over considerable lengths of the guide. In the same 
way spurious modes, after their first excitation, may be recon- 
verted to others and sometimes back again to the original 
Ho;-mode. Since we are dealing with propagating waves, these 
processes represent a transfer of power, and consequently by this 
means the attenuation of the low-loss mode will be increased 
whilst additional phase distortion will be produced. Everything 
possible must therefore be done to prevent power going over from 
the required Hy,-mode, but if and when conversion does take 
place the consequences are less serious when the transfer is of a 
random character. 

Any coherent reconversion of power with incorrect phasing 
back to the Hp;-mode can present a serious problem of distortion, 
and in such an event it is generally best deliberately to absorb 
the power concerned before the reconversion takes place. The 
experiments described here were made on straight lengths of 
guide, and in those circumstances serious mode conversion can 
be avoided if reasonable care is taken. Occasionally it may be 
possible to arrange reconversion to the Ho,-mode in the correct 
phase, and an example of this is the adjustment of the relative 
orientation of individual lengths of slightly elliptical guide form- 
ing acomplete run. This device will, however, reduce the base 
bandwidth over which the guide can be operated satisfactorily 
with a given carrier frequency, and the evidence derived from 
pulse shape when using the 1-356in diameter guide is that the 
base bandwidth becomes restricted to about half the figure 
calculated for an ideal guide (see Section 4.2). For most pur- 
poses the base bandwidth would still be adequate, and by using a 
whole series of carrier frequencies the channel capacity of the 
guide becomes very considerable. When bends are introduced 
into the guide a much more difficult problem of mode conversion 
arises, and although great efforts have been made to resolve this, 
a complete solution has certainly not yet been found. 


(4.4) High-Power Applications 


In order to obtain the low-loss feature, guides of comparatively 
large diameter are necessary, and this automatically provides for 
the transmission of large powers without breakdown. The 
electric field is purely circumferential and has a maximum value 
E at a radius of 0-48r5. It can be shown’ that the maximum 
power of which the guide is capable is given in M.K.S. units by 


2 f2 
TG E 


= T366V U 
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Assuming that the guide is air-filled at atmospheric pressure, 
we can take E = 2-9 x 106 volts/m, but, by raising the air pres- 
sure above atmospheric, higher values of E can be safely 
employed. It has been the custom in high-power applications to 
employ the Ho,;-mode in a rectangular guide primarily because 
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this is the dominant wave in such a guide and it is capable 0° 
propagation round bends without undue attenuation. There is» 
however, considerable difficulty in providing arrangements ti” 
avoid heavy losses at joints in the waveguide as well as in th): 
guide itself. In spite of the fact that spurious modes wil) 
generally be present with the Ho,-mode in a guide of circula 
cross-section, there is probably a good case to be made fo: 
consideration of this guide in some high-power applications) 
The joints are delightfully simple, with tubes butted end tc’ 
end, and one section can be made to rotate relative to the other i) 
necessary, without introducing any significant loss. In such ar: 
application it would, of course, be most desirable to generate the! 
power directly in the circular Hp;-mode. 


: 


(5) CONCLUSIONS | 


The practicability of low-loss Ho, waveguides in straight lengths, 
has been amply demonstrated, and the satisfactory application tc, 
this purpose of standard solid-drawn copper or aluminium tubes.’ 
manufactured to commercial tolerances and erected without 
special attention to alignment, has been established. Attentional 
has been called to the potentialities of this form of guide for 
high-power applications. To apply the waveguide to a com- 
munication system requires a satisfactory method of negotiating | 
bends as well as the development of the associated equipment in 
the millimetre waveband. Further work is now in progress on) 
the first of these problems. If and when the waveguide becomes 
established as a trunk communication channel, there seems no 
reason why it should not be adapted for use simultaneously as a. 
conductor of 50c/s alternating current, and possibly for the 
support of a cylindrical surface wave as an independent high- 
frequency circuit. 
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SUMMARY 


The principle of the branch-waveguide directional coupler has been 
applied to the design of a new form of hybrid junction for microwave 
requencies. An equal division of power between the main and sub- 
sidiary waveguides is achieved by arranging the voltage coupling 
-oefficients of the branch waveguides in accordance with the coefficients 
n a binomial expansion. 

Details of design and performance of such a hybrid junction are 
siven for the 3cm waveband. Its properties are superior to those of 
he hybrid-T and rat-race and compare favourably with those of the 
hort-slot hybrid. In addition, the geometrical configuration of this 
orm of hybrid junction is convenient for the construction of compact 
vaveguide circuits. 


LIST OF SYMBOLS 


6,, = Height of main waveguide. 
+g = Height of branch waveguide. 
Z y = Characteristic impedance of main waveguide. 
Zp, = Characteristic impedance of branch waveguide. 
Py = Power in main waveguide. 
Ps; = Power coupled into subsidiary waveguide. 
/ = Length of branch waveguide. 
A, = Wavelength in the waveguide. 
D = Voltage directivity coefficient. 
n = Number of coupling elements. 
5 = Fractional change in frequency from the centre frequency. 


(1) INTRODUCTION 


The hybrid junction may be represented by an 8-terminal 
‘etwork, having four pairs of terminals A, B, C and D, as shown 
n Fig. 1. The property of the junction is that transmission 


B Cc 
A D 


Fig. 1.—Eight-terminal network. 


curs equally between A and D and A and C with no connection 
rom A to B. The reciprocal also applies, namely that trans- 
qission occurs from C to A and C to B with no connection from 
to D. Similarly, transmission occurs from terminal D to A 
nd B, and from terminal B to C and D. At microwave fre- 
uencies, the terminals are representative of transmission lines 
1 the form of waveguides. 

The important properties of the hybrid junction are expressed 
or the case when each arm is terminated in its characteristic 
mpedance. The impedance of the junction should then be 
qual to the characteristic impedance of the input arm. This 
2a be measured as a voltage standing-wave ratio (v.s.w.r.). 

the division of power by the junction is referred to as the 
mplitude balance, and the ratio of the power in arm C to that 


“ritten contributions on papers published without being read at meetings are 
“ited for consideration with a view to publication. % 

hr. Lomer is at the Services Electronics Research Laboratory. Mr. Crompton is 
t+ Chemical and Physical Research Laboratory, South Australia, and was formerly 
te Radar Research Establishment. 


VoL. 104, Part B. 


in arm B is termed the directivity. The variation of impedance, 
amplitude balance and directivity with frequency limits the useful 
frequency bandwidth of the hybrid junction. . 

The earliest forms of microwave hybrid junction were the 
hybrid ring or rat-race and the hybrid-T.!_ The performance of 
the rat-race is adequate for many applications, but it is not 
suitable for the design of complicated circuits owing to the 
awkward distribution of its output arms. This is illustrated in 
the design of a balanced duplexer,! in which two rat-races are 
linked with t.r. cells. These disadvantages also apply to the 
hybrid-T junction, which also has a very low limit to power 
handling. This limitation is partly the result of the matching 
irises and posts used in the hybrid-T. 

More recently, a number of other forms of hybrid junction have 
been described, mostly in the form of directional couplers. A 
typical example is the short-slot hybrid junction,” in which the 
narrow faces of the waveguide are adjacent. Power is trans- 
ferred through a short slot cut in the adjacent walls. This 
junction has a very good performance, but in some applications 
it is preferable to have a hybrid junction with the broad faces of 
the waveguide adjacent. Few junctions of this form have been 
described, and a combination of impedance matching and high 
power-handling ability has been achieved only at the expense of 
length. For example, several coupling elements are used by 
Riblett and Saad3 to transfer power from one waveguide to the 
other. Under these conditions, reflections in the input wave- 
guide from successive elements cancel out and the power- 
handling ability is good. 

The paper describes the design and performance of a hybrid 
junction in the form of a directional coupler in which the power 
is transferred in steps. The voltage couplings of the elements 
are arranged according to the coefficients of a binomial series. 
In this way a good performance is achieved in a relatively short 
length. The coupler is termed a binomial-slot hybrid. 


(2) DESIGN OF THE HYBRID JUNCTION 


(2.1) Branch Waveguide Couplers 


The design of the binomial-slot hybrid is derived from that of 
the branch-guide directional coupler.4 In this type of directional 
coupler, the transfer of power from the main to the subsidiary 
waveguide is achieved with E-plane branch waveguides of lower 
impedance than the main waveguide. The ratio of the impe- 
dances of the main and branch waveguides determines the power 
transfer. For a coupler with two branch guides, the ratio of 
input power Pj, to power coupled into the subsidiary arm Ps, is 
given by 

PylPs = (ZuslZny" . . . . . (i) 


If the wide dimensions of the waveguides are the same, egn. (1) 
may be rewritten in the form 


PylPs —— (byy/bp)? . rs . ° Py (2) 


Reflections from the T-junctions are minimized by using branch 
waveguides which are a quarter-wavelength long and are spaced 
a quarter-wavelength apart. Corrections for the end effects of 
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the T-junctions have to be applied to the length and spacing of 
the branch guides, as discussed by Marcuvitz.5 The length of 
the branch waveguide is then given by 
2bz bu 

1+1 die Pas (3 
7 ( oe @) 


On the other hand, the separation of the branch guides is slightly 
greater than a quarter-wavelength. 


(2.2) Binomial Couplers 


Equal division of power between the main and subsidiary wave- 
guides may not be achieved with two branch guides alone, since 
large discontinuities would be introduced, resulting in a poor 
v.s.w.r. and directivity. This difficulty is overcome by the use 
of several branch guides placed at intervals of a quarter-wave- 
length. The branch guides may have equal impedances or 
impedances arranged to produce a greater bandwidth. Surdin® 
has shown that if the voltage coupling coefficients are arranged 
according to a binomial series (i.e. 1 : 2 : 1 for a 3-element and 
1:4:6:4:1 fora 5-element directional coupler), the ratio of 
the fields in the decoupled arms (B and C) is given by 


D = sin"—! (76/2) 


The theoretical variation of directivity with frequency is much 
greater for a directional coupler with equal branch-guide impe- 
dances than for one with the binomial arrangement discussed 
above. Similarly, the impedance of the binomial-slot coupler is 
less frequency-dependent than that of a coupler with equal 
branch-guide impedances. 

Since sufficient design data are available for 2-element branch 
waveguide couplers, the dimensions of the 5-element coupler have 
been obtained from the corresponding 2-element couplers. Each 
of the five elements is considered separately and its dimensions 
are obtained from the design data for 2-element couplers. For 
example, the voltage coupling coefficients of a 5-element coupler 
with a binomial arrangement of the coefficients are in the ratio 
1:4:6:4: 1, so that one-sixteenth of the field in the subsidiary 
waveguide is coupled through the first element. Thus,. if the 
voltage coupling coefficient of the 5-element coupler is C, the 
coupling coefficient of the first element is C/16 and that of the 
corresponding 2-element coupler is C/8. The power coupling 
factor of the two-element coupler in decibels is then given by 
20 log C + 20 log 8. 

Thus the dimensions of the first element of a S5-element coupler 
having a power coupling factor of 3dB are obtained from the 
design data of a 2-element coupler with a power coupling factor 
of 21dB. The dimensions of the other elements are obtained 
similarly. 


(2.3) Design Details 


The design of the binomial-slot hybrid is based on the principles 
of branch-waveguide directional couplers with a binomial arrange- 
ment of the voltage coupling coefficients of the branch waveguides. 
The initial choice of dimensions was governed by the design con- 
siderations outlined above and a power coupling factor of 3:7dB 
was obtained. Further empirical changes were then made to 
achieve a power coupling factor of 3:0dB. 

Both separation and length of the branch waveguides are 
functions of their characteristic impedances. However, the 
design was simplified by using an equal spacing for the branch 
guides and taking an average value for their length. 

The design was produced for a frequency band centred on 
9250Mc/s. Final dimensions of the binomial-slot hybrid for 
this frequency are given in Fig. 2. 
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Fig. 2.—Binomial-slot hybrid. 


Distance between branch guides = 0-480in. 

Length of branch guides = 0-355in. 

Height of branch guides: A and E = 0-040in. 
B and D = 0:170in. 
Cc = 0-260in. 


Waveguide W.G. 16: 0:9in x 0-4in internal diameter. | 


(3) PROPERTIES “OF THE BINOMIAL-SLOT HYBRID | 


The properties of the hybrid junction described above have 
been measured at intervals of 100 Mc/s for a range of frequencies | 
from 8500 to 10000 Mc/s, the results being reproduced as con- | 
tinuous curves in Figs. 3 to 5. The important properties are 
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Fig.” 3.—V.S.W.R. and directivity of hybrid with matched loads on ~ 
all arms. 


the input voltage standing-wave ratio, directivity, phase balance - 
and amplitude balance. The v.s.w.r. is measured with matched 

terminations on the other three arms. These terminations were 
built directly into the coupled arms of the hybrid to avoid reflec- 
tions from waveguide corners and flanges. As shown in Fig. 3, 

the v.s.w.r. is less than 1-15 over the frequency band. 

The directivity, the ratio in decibels of power in arms C and 
B (Fig. 1), was also measured with built-in terminations. This is 
particularly important for measurements of directivity, since the 
power reflected from arms C and D may enter the decoupled arm 
of the hybrid. For example a v.s.w.r. of 1-1 in arms C and D 
will limit the directivity to about 32dB. The matched termina- 
tions used in the experiment had a v.s.w.r. of less than 1-01, 
corresponding to a limit of about 50 dB in the directivity measure- 
ment. The directivity is greater than 25dB over the frequency 
ae ae ae 000 Mc/s, with a peak of 50dB at 9250 Me/s 
Fig. 3 

The amplitude balance illustrated in Fig. 4 is a measure of 
the extent to which an equal division of power is achieved by the 
hybrid. It is poor towards the ends of the frequency band, but 
this could be improved by decreasing the power coupled from 


LOMER AND CROMPTON: A NEW FORM OF HYBRID JUNCTION FOR MICROWAVE FREQUENCIES 


rm A to arm C at the centre frequency. The phase balance, 
letermined by the length of the branch waveguide, was 90° + 5° 
yver the band. Thus the fields in arms C and D are 90° out of 
yhase at equal distances from the hybrid. 

In some applications, such as a balanced duplexer or mech- 
nical phase-shifter, the hybrid junction is operated with electrical 
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Fig. 4.—Variation of coupling with frequency. 


hort-circuits on arms C and D. Power incident at A is then 
efiected by the short-circuits to arm B, provided that the short- 
ircuits are equidistant from the hybrid. The phase of the wave 
» arm B may then be varied by adjusting the position of these 
lecirical short-circuits. The performance of the hybrid in these 
polications is determined by the properties discussed above. If 
he y.s.w.r. is near unity and the amplitude balance and phase 
salance are good, then the v.s.w.r. of the duplexer or phase-shifter 
vill be near unity. Furthermore, it will be independent of the 
vosition of the short-circuits. The v.s.w.r. of the binomial-slot 
iybrid is less than 1-05 from 9000 to 9 500 Mc/s for all positions 
£ the short-circuits but is dependent on the position of the 
hort-circuits outside this frequency range. In Fig. 5, the v.s.w.r. 


9:0 
FREQUENCY, 


9-2 


fig. 5.—V.S.W.R. of the hybrid with electrical short-circuits on the two 
coupled arms. 


3; given as a function of frequency from 8 500 to 10000 Mc/s for 
ne optimum short-circuit position. This curve includes an 
ditional reflection term from one waveguide corner. 

_ Measurements of the power required to cause sparking within 
ae hybrid have been made over a range of air pressures from 
5 to 25lb/in?. Dry air was used throughout. The measure- 
ients were made with electrical short-circuits on arms C and D 
f the hybrid. 

In order to avoid large statistical variations in the onset of 
reakdown, the inside of the waveguide was illuminated with 
Itra-violet light through a quartz window. The breakdown 
ower is given as a function of air pressure in Fig. 6, the results 
eg for the optimum position of the short-circuits (1-85 in from 
4€ centre-line of the hybrid block). According to Paschen’s 
iv, the d.c. breakdown voltage of a gap in air at high-pressure 
: 2 linear function of the pressure. Furthermore, Prowse and 
as'nski7 have shown that at high pressures, the same relationship 
x ts between the microwave breakdown voltage and pressure. 
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Fig. 6.—Breakdown power of the hybrid, with electrical short-circuits 
on the two coupled arms, as a function of air pressure. 


The corresponding linear relationship between the breakdown 
power and the square of the pressure is indicated by the results 
given in Fig. 6. 

(4) TOLERANCES 


No experiments have been made to determine the necessary 
tolerances, but an estimate can be obtained from the theory of 
branch-guide couplers. The distance between and the length of 
the branch waveguides are both related to d,/4, differing from 
this value by a correction factor which compensates for edge 
effects. A tolerance of +0-:002in on these dimensions is 
equivalent to a spread of +45 Mc/s on the centre frequency of 
the hybrid. 

It is possible to estimate the permissible tolerances of the 
branch waveguides by considering the effect of changes in their 
dimensions on the coupling coefficient of the hybrid. Although 
the branch waveguides with low impedance contribute only a 
little to the total coupled power, their dimensional tolerance may 
not be relaxed, since their rate of change of coupling with dimen- 
sions is greater. It is estimated that tolerances of +0-002in on 
all branch-waveguide dimensions can lead to an error in coupling 
of 0-18 dB in the worst case. In practice, better results than this 
have been obtained with hybrids produced to these limits. 


(5) DISCUSSION 


The performance of the binomial-slot hybrid is better than 
that of either the rat-race or the hybrid-T: the v.s.w.r. and 
directivity of these junctions are satisfactory over a much nar- 
rower frequency band. Also, the binomial-slot hybrid will handle 
higher peak powers than either the rat-race or the hybrid-T. 

The binomial-slot hybrid has the common advantage of hybrid 
junctions designed on the principles of directional couplers, 
namely that of possessing a convenient geometrical configuration 
for the design of complex microwave systems. In particular, it 
is of use in the design of precision phase-shifters and high-power 
variable attenuators. It is also applicable to the design of com- 
pact duplexers and balanced crystal mixers for radar. 
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The short-slot hybrid described by Riblett” has a performance 
equal to that of the binomial-slot hybrid. However, in many 
cases it is necessary to use a hybrid junction with the configuration 
of the latter, and the two are in this way complementary. 
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DISCUSSION ON 
‘FREQUENCY-MODULATION DISTORTION IN LINEAR NETWORKS’* 


Dr. A. S. Gladwin (communicated): In Section 3.3, Mr. Brown 
draws attention to what he believes to be an error in an old 
paper of mine.t This paper is indeed open to serious criticism— 
but not on the grounds alleged by Mr. Brown. 

The error, in fact, lies in Mr. Brown’s assumption that the 
operational expression 


(Aw, a jdfdt)" 


can be expanded by the binomial theorem as if the terms were 
ordinary algebraic numbers. This, however, is permissible only 
if Aw, and d/dt are commutative, i.e. if Aw,(d/dt) and (d/dt)Aw, 
are equivalent operators, and this is true only if Aw, is a constant. 
Since Aw,—the instantaneous frequency deviation—is a function 
of time, Mr. Brown’s expansion is correct only for the case of 
no modulation. 

The correct method of expansion was described in my paper, 
namely 


(Aw, — jddt)? = (Aw, — jdjdt)(Aw, — jddt) 
= Aw? — jAw,(d/dt) — j(d/dt)Aw, — (dfdt)? 


* Brown, R. F.: Paper No. 2196 R, January, 1957 (see 104 B, p. 52). 
4 GLADWIN, A. S.: ‘The Distortion of Figuciey Modulated “Waves by Trans 
mission Networks’, Proceedings of the Institute of Radio Engineers, 1947, 35, p. 1436. 


| 
7 

If this operator is applied, for example, to unity the result is 
Aw? — j(dAw,/dt), whereas Mr. Brown’s expansion would lead 
to the erroneous result Aw?. 
In the light of these remarks it becomes obvious that eqn. (9), 
of Mr. Brown’s paper has no validity, and consequently the dis- 
agreement between his eqn. (10) and the series given in my papel 
is only to be expected. 
Mr. R. F. Brown (in reply): In checking Dr. Gladwin’s 
observations I noticed two minor errors in Section 3.3 of 2 
paper, namely the use of symbol Aw, in place of AwS as used 
in his paper, and the omission of a multiplying factor eg 


within the brackets containing — ie in eqns. (9) and (10). 


I think Dr. Gladwin makes his point: all terms in eqn. 10 of 
my paper except the first are identically zero since T7,(0) is not 
a function -of time. Thus eqns. (7)-(10) of my paper do neh 
serve to show any error in eqn. (4) of Gladwin’s. 

The above discussion may sidetrack the reader from the 
important issue—the validity of substituting a finite-to-infinite 
series in place of each term of an infinite series, and then 
rearranging terms to form another infinite series. Verification of 
absolute convergence of each series is necessary before meaniie 
may be attached to end results. 
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BANDWIDTH COMPRESSION OF A TELEVISION SIGNAL 
By G. G. GOURIET, Associate Member. 


(The paper was first received 3rd November, 1956, and in revised form 14th February, 1957.) 


SUMMARY 


Two sets of data are fundamentally required to describe a television 
sicture, one giving the significant changes of brightness, and the 
ther the positions of such changes. The total information content is 
alculated according to Shannon, and the means are discussed for 
educing bandwidth by redistributing the data in time so as to achieve 
. constant rate of transmission. Maximum compression is achieved 
vy treating the two sets of data as independent quantities, and using 
wo channels for their transmission. A compromise may be adopted, 
sowever, in which almost the maximum bandwidth compression is 
chieved using a single channel at the cost of an increase of signal 
iower. 

The method is flexible in that it permits of an exchange to be made 
»etween the size of picture element and the continuity of grey scale, 
jor a Minimum stated bandwidth. 


LIST OF SYMBOLS 
‘= Channel bandwidth, c/s. 
_¥¥ = Total number of picture elements in a scanning line. 
» = Number of significant brightness changes in a scanning 
line. 
|@ = Number of brightness quanta. 
iH, = Brightness information in a scanning line. 
#,, = Position information in a scanning line. 
ty = Total information in a scanning line. 
_C = Channel capacity. 
| p = Signal power. 
| nm = Noise power. 
_D = Signal/noise ratio, dB. 
_ x = Duration of transition measured in picture elements. 


(1) INTRODUCTION 


A television picture contains three separate and distinct forms 
fredundancy. First, the brightness variations along any given 
‘canning line in the picture are by no means random: relatively 
arge areas of any scene are of constant or near constant bright- 
1ess, so that a considerable degree of correlation exists between 
wiccessive picture elements. Secondly, there is a likelihood 
hat adjacent scanning lines will contain identical or nearly 
Hentical information, which again implies unnecessary repetition 
a the picture signal waveform. Thirdly, successive pictures are 
dentical unless movement has occurred, and even then will 
iffer only in those regions where the movement has taken place. 
Aethods can be devised, at least in theory, which will remove 
my or all of these redundancies, therefore reducing the necessary 
hannel capacity. It is important to note, however, that mere 
emoval of redundancy will not in general bring about a reduc- 
ion in signal bandwidth, but only in signal power. In order to 
chieve transmission in a reduced bandwidth, it is fundamentally 
evessary to redistribute the non-redundant information on the 
ime axis, so that the information is transmitted at a constant rate. 
_4n earlier paper by Cherry and the author! discussed some 
ossibilities for reducing the bandwidth of television signals by 
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using a method of variable-velocity scanning. The particular 
method proposed had limitations with regard to the reproduction 
of fine detail of low contrast. The present paper describes a 
somewhat different approach in which, first, redundancy arising 
from unnecessary repetition of picture-element information is 
removed, and second, the remaining essential data are redistri- 
buted in time in a precise manner to have a constant rate of 
transmission, and therefore minimum bandwidth. 

A bandwidth W can convey a maximum of 2W independent 
data per second, equally spaced in time. Clearly, if the data 
are not equally spaced in time, a bandwidth greater than 2W 
will be required; if this were not so the varying time interval 
could be used to carry additional information. In television, the 
data to be transmitted can be regarded as successive discrete 
elements of the picture ‘read off’ by the scanning process at 
constant intervals of time. Present-day systems transmit infor- 
mation of every picture element, regardless of whether fresh 
information is required, so that the position of every picture 
element is automatically defined. If it were statistically true 
that each picture element was of independent brightness, the 
present system would be the most economical. In fact, as already 
stated, plain areas exist in any scene, and in such areas it is 
unnecessary to transmit as many data as there are picture 
elements; two data will suffice, one to describe brightness and 
the other duration, i.e. distance along the scanning line for which 
the brightness is maintained. Clearly, the more plain areas 
there are in the average scene, the greater is the redundancy. 

Some aspects of this approach were referred to briefly in a 
recent paper,” but consideration will be given here to the means 
which might be employed to achieve such compression. 


(2) PICTURE-ELEMENT REDUNDANCY 


We shall consider a small portion of a television waveform 
which describes some fine detail together with a plain area, as 
shown in Fig. 1(a). As is well known, if the bandwidth occupied 


Fig. 1.—Quantization of waveform. 


(a) Portion of waveform sampled. : 
(b) Samples quantized and converted into step waveform. 
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by the signal is W cycles per second, samples taken at the rate 
of 2W per second will suffice to describe completely the wave- 
form. Furthermore, if, owing to noise or any other considera- 
tions, the smallest detectable change in signal amplitude is 1/Q 
times the full amplitude, the samples may be quantized into Q 
discrete levels without loss of information. Having obtained 
quantized samples, it is a relatively simple matter to produce a 
waveform which remains at the level of each sample until the 
next sample arrives, when it then assumes the value of the new 
sample, as shown in Fig. 1(b). If the waveform of Fig. 1(d) is 
applied to a differentiating circuit of suitable time-constant, the 
resulting waveform will comprise a series of short-duration 
pulses, Fig. 2(a), these denoting the amplitude and position of 


Fig. 2.—Obtaining position markers and distance of successive 
transitions. 


(a) Transitions obtained from Fig. 1() by differentiation. 

(6) Position markers obtained from (a) by full-wave rectification and limiting. 

(c) Distance of successive transitions measured by applying (6) to linear sawtooth 
generator. 


all significant transitions in the original waveform. Given the 
signal of Fig. 2(@), the waveform of Fig. 1(6) could be recon- 
structed by straightforward integration; all the information, 
including that of the d.c. component, is present in the samples of 
Fig. 2(@), assuming that an initial sample is taken at the com- 
mencement of each line. At this stage, the redundancy has been 
removed, since data relating only to essential transitions are 
present, but the minimum bandwidth that could be used to 
transmit the information in this form is still W, because the 
maximum rate of information has not changed. 

It is appropriate to digress for a moment in order to discuss the 
use of the word ‘redundancy’ in the information-theory sense. 
It is quite common to hear reference made to ‘redundant 
information’ in a signal and the means of its elimination. This 
is, of course, a contradiction in terms; information can never be 
redundant, although it may be over-specified. It is perhaps 
more profitable to consider a message as containing so much 
information, this, by definition, being essential to the message. 
With a knowledge of the statistics relating to the class of message, 
it is possible to calculate the information content, and taking 
into account the length of the message, the average rate of 
information can be deduced. The maximum rate of information 
may, however, be far in excess of the average rate, and a conven- 
tional channel would need to have a capacity equal to this 
maximum rate if it were to convey the message without loss of 
information. On the other hand, if means are adopted to keep 
the rate at which information is transmitted constant, and equal 
to the average rate, then the required channel capacity is reduced. 

Returning to the question of television, and assuming corre- 


Hi 
lation between successive picture elements only, redundancy ub 
removed by (a) sampling at a rate sufficient to define the fine 
structure of the picture according to a required standard of 
resolution, and (6) quantizing into a number of discrete levels\ 
between which it is desired to discriminate. Thereafter, the 
signal contains the minimum information consistent with the) 
required standard of picture reproduction, and if this information } 
is transmitted at a constant rate, then the required channel 
capacity is a minimum. ; 
In order to evaluate the compression which might be achieved, 
taking account of picture-element redundancy, it is necessary) 
first to evaluate the information contained, for example, in a 
single scanning line. | 
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(3) EVALUATION OF INFORMATION 


Examination of the waveform of Fig. 2(a) reveals that it! 
contains two independent sets of information: ms] | 
(a) Information of all significant changes of brightness wherever) 
they occur. 
(b) Information of the position of such changes along the length) 

of the scanning line. 
The total information is equal to the sum of these two quantities” 
of information, and may be calculated according to Shannon.? — 
Taking first the brightness information, and assuming that) 
the average line contains r significant changes of brightness, 
for QO equally probable brightness quanta, we have a 


H, = r log, Q bits per line 


For the position information, let the total number of picture! 
elements in the line be N; then the number of possible independent ' 
positions for the r brightness changes is given by | 


(N — 1) (N — 2) (N — 3)...(N—7) 
r! 


The amount of information is given by log, of this quantity, | 
and it is shown in Section 8.1 that a valid approximation for the! 
values of N and r which are of interest is 


H, = (N — 1) log, (VN — 1) — rlogyr | 
—(N—r-—1)log,(N—r—1) . @} 


The total information in a line containing r transitions is. 
therefore given by 2, 


A, = 1, +H, 
= rlog, Q + [(N — 1) log, (N — 1) — rlog,r | 
—(N—r-—1)log,(N—r—D] . @ 


First let us assume complete independence of picture elements, 
in which case the number of significant changes of brightness is 
the maximum possible, i.e. N— 1. This is the tacit assumption 
with present-day systems of television. In this case the final 
term in square brackets is zero, indicating that no information | 
of position is required, since all elements are being described. 
The first term, which relates to brightness changes, becomes 


N log, Q 


It is of interest to substitute actual figures. For this country 
the number of elements per line, N, including the suppression 
period, is approximately 600. Because of noise at source it is 
usual to be able to discriminate only about 30 levels, i.e. a 
signal/noise ratio of approximately 30dB. The duration of a 
scanning line is 10~4sec, so that on this basis the rate of 
information is 

104 x 600 log, 30 


~ 3 x 107 bits per second 
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This rate of information fully loads a channel with a band- 
idth of 3-0Mc/s and a signal/noise ratio of 30dB, as may 
asily be checked using the Shannon formula, 


C= Wlog, (7—") ald eee loners) 


‘hich may conveniently be written 
C~0:33WD Ae Wut asses (4) 


he significance of this is that, if all picture elements were 
atistically independent and all brightness levels equally likely, 
xe present system could not be improved upon from the point 
f view of information efficiency. 

Going to the other extreme, let us now assume that the average 
ne contains only one significant transition of brightness, so 
satr = 1. In this case, 


", = log, O + (N — 1) log, (VN — 1) 
pa Ni-»2) 108 CN 2) f 
Re Oe ODN Neth tos hs) eee ee ent oe ot ep 3s Cos AD 


mee, for large N, log, (N — 1) and log, (N — 2) may each be 
_ken as log, N. 

| The first term on the right is the information contained in the 
aisle change of brightness out of the possible Q levels, whilst 
ae second term is the information of a single position out of N 
“sssible positions. These are two extremes and something 
tween the two is of interest, which will be representative of 
4¢ maximum channel capacity that is likely to be required in 
tractice. 

| Eqn. (2) has been plotted in Fig. 3 as a family of curves 
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jg. 3.—Rate of information as a function of number of transitions 
and brightness quanta for 100 microsec scanning line containing 
600 elements. 


owing the information content as a function of the average 
mber of transitions per line, for various values of brightness 
anta Q. It may at first seem strange that the amount of 
ormation should increase as r is reduced from its maximum 
lue N — 1. The reason is apparent if we consider the position 
formation alone, which is given by the curve Q=1. The 
mber of possible positions in which r transitions can occur in 
elements is, of course, precisely the same as the number for 
— 1 — r transitions; in eqn. (1) the substitution of N - 1—r 
t r does, in fact, leave H, unchanged. The least predictable 
-uation exists when the number of transitions equals half the 
umber of picture elements, for this offers the greatest number 
‘ nossible positions, and therefore corresponds with maximum 
#ormation. Although the presence of a maximum tends to 
‘come concealed for large values of Q, it continues to exist, 
/€ Dosition being given by 

“4 Q 6 
) (Ni Leesa ie (6) 
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Picture detail measurements,* based on the total positive and 
negative excursions of the picture waveform over the period of a 
complete picture, have revealed that almost all pictures could be 
transmitted with an excursion of only 3% of that catered for 
by existing channels. If it is assumed that the average amplitude 
of significant brightness changes is one-half the full change from 
‘black’ to ‘white’, it follows that on the average the number of 
significant changes in a line is only 6% of the number of picture 
elements in the line. This may be optimistic, so let us assume 
that out of the 600 picture elements in a line, on the average 
only 50 involve significant changes, so that r = 50; then the 
average rate of information is given by 


H, = (50 logy 30 + 50 log, 12) x 104 
= 4-2 x 106 bits per second 


which affords a reduction of channel capacity in the ratio 30 : 4:2, 
or a little over 7 : 1. 

It is a true statement that information theory reveals what 
might be achieved but does not give instructions as to how to 
achieve it. We have now to consider what means might be 
adopted to transmit the information of brightness and position 
at something approaching a constant rate, so as to realize as 
much as possible of the theoretical compression. 


(4) INSTRUMENTATION OF A PRACTICABLE SYSTEM 
(4.1) The Coder 


The waveform shown in Fig. 2(a) contains all the essential 
picture information, and this could be produced with little 
difficulty. The short-duration pulses of this waveform can be 
made unidirectional by full-wave rectification and clipped to 
produce a train of constant-amplitude pulses, Fig. 2(b), which 
we shall call ‘position’ markers. If these pulses are used to 
discharge a linear sawtooth waveform generator, the waveform 
shown in Fig. 2(c) will result, in which the amplitude imme- 
diately prior to discharge is an exact measure of the ‘distance’ 
between successive transitions. These amplitudes may be 
separated from the relatively slow ‘run-up’ by a differentiating 
circuit of short time-constant so as to produce a train of pulses 
as shown in Fig. 4(a), the amplitudes of which define the 
successive positions of brightness transitions. 


(a) 


Fig. 4.—Pulse signals giving information of position and brightness. 


(a) Position pulses. 
(6) Brightness pulses. 


The pulses shown in Fig. 2(5) may also be used to ‘gate’ the 
original waveform, or the waveform of Fig. 1(5), in order to 
obtain samples of absolute brightness levels, as shown in Fig. 4()), 
as opposed to difference values. The waveforms shown in 
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Figs. 4(a) and 4(b) are now independent measures of brightness 
and position; the epoch of the pulses is no longer of importance 
and it remains to equalize the time interval between the successive 
pulses of the two pulse trains so that each may be transmitted 
in the minimum bandwidth. Equalization of the time interval 
also provides a simple solution to another problem. In com- 
paring the waveforms of Figs. 4(a) and 4(0), it will be seen that 
information of the duration of a brightness level is not obtained 
until the next brightness change occurs; this is of course funda- 
mental. The position information is therefore always late, but 
by a varying amount, so that a fixed time delay of the brightness 
signal cannot put matters right. After the time intervals have 
been equalized, however, a delay equal to a single fixed interval 
applied to the brightness signal will bring about the necessary 
coincidence. 

Details of one possible way in which the time intervals between 
pulses might be equalized are described in Section 8.2, but the 
general method is as follows. Over a fixed time interval, which 
could conveniently be either a line or a field, the signals are 
stored, and a count of the number of pulses stored is taken. 
This enables the average rate of the pulses over the interval in 
question to be determined. The stored pulses are then read off 
at the average rate, which provides two series of pulses equally 
spaced in time, as shown in Figs. 5(a) and 5(4). 
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Fig. 5.—Position and brightness pulses with constant intervals. 
(a) Position pulses. 
(6) Brightness pulses. 

There are a number of ways in which these two signals could 
be transmitted in a minimum bandwidth. One method would 
be to delay the brightness signal by a time equal to half the 
pulse interval, and to combine the two signals to form a single 
signal as shown in Fig. 6. If each signal contained W equally 
spaced pulses per second, the combined signal would contain 
2W pulses, which could be conveyed in a bandwidth of W cycles 
per second. Separation at the receiving terminal would require 
some form of synchronous detection, but this should present no 
difficulty. Having separated the two signals at the receiver, the 


Fig. 6.—Position and brightness pulses interleaved to form 
single signal. 
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brightness signal would need to be delayed by a further time 
equal to one interval in the combined signal, thus giving the twe 
instructions to the display tube, ‘brightness’ and ‘duration’, al 
the same epoch. Alternatively, two channels, each of bandwidth) 
W/2 cycles per second, could be used to convey the two signals,), 
in which case the total delay required for the brightness signa)’: 
could be introduced before transmission. In either case, if the | 
number of changes of brightness in unit time was r’, instead of 
N’, as is catered for in existing transmissions, the bandwidth) 
would be reduced by a factor 2r’/N’, the factor of 2 arising because 
two signals need to be transmitted. i 
It is of interest to consider over what period and in what 
manner the averaging should be accomplished. The averag ; 
taken over a field will, of course, offer a greater degree of com- 
pression than will the average over a line, since a single line in a 
picture might call for a high rate of information, whereas it is 
improbable that every line would call for the same high rate, 
Even so, the information per field will not be constant, and it is 
always possible that some fields will contain more information 
than can be catered for in the reduced channel capacity. The 
channel capacity would normally be chosen so that such an 
occurrence was rare; for example, it might be found that 99% 
of scenes allowed for a 6 : 1 compression. It would be unecono- 
mical to increase the channel capacity in order to cater for the’ 
1:0% overload, so that on such occasions information would be 
lost. This loss may be accepted in one of two ways. The field 
rate may be maintained constant, in which case the number of 
data per field, and hence per unit time, would vary from field to 
field. If the rate exceeded the channel capacity, the information 
of both brightness and position would be lost. On the other 
hand, the data could be sent at a constant rate, in which case 
the time taken to transmit a field would vary with the amount 
of information in the field. The channel capacity would never! 
be exceeded but the field rate might drop sufficiently to cause 
flicker. x 
Storage over the period of a line would undoubtedly be more 
simple to instrument, and in spite of the smaller compression 
might prove to be a promising approach. It would possess the 
advantage of offering a constant line frequency, and a partial’ 
loss of picture in lines which contained information in excess’ 
of a fixed maximum might not be a bad compromise. 


(4.2) The Decoder 


Assuming that the two signals shown in Figs. 5(a) and 5(6)) 
have been received and are available separately, the recon-) 
struction of the television picture would be relatively simple.} 
The first ‘brightness’ pulse would instruct the receiver to produce 


new level of two units of brightness, and the position pulse. 
would give the instruction for this to be maintained for one 
picture element. The process would be continued until the end’ 
of the line, when the equivalent of a normal line-synchronizing 
pulse would arrive. } 

Since the pulses occur at equal time intervals, the receiver | 
scanning beam would travel the required number of picture 
elements during each interval if its velocity were made propor- 
tional to the amplitude of the position pulses. Thus, the wave- 
form shown in Fig. 5(a) would first be converted into a ke! 
waveform, for which the level of each pulse would be maintained 
in the succeeding interval, after which straightforward integration 
would provide the current waveform required for the scanning- 
beam deflection coils. ; y 


j 


| 
j 
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The variation of scanning velocity would, of course, cause an 
iwanted variation of brightness, but compensation for this 
vould be obtained by modulating the scanning beam with the 
box’ version of the waveform shown in Fig. 5(a) suitably 
jamma-corrected to match the voltage/brightness characteristic 
of the display tube. 


(4.3) Signal/Noise Requirements 


_ The effects of noise can best be discussed by assuming that the 
iwo signals, brightness and position, are transmitted in separate 
‘hannels. First, for the brightness signal, if out of the N possible 
iransitions of brightness it is unnecessary to cater for more than 
. changes, the bandwidth of the channel may be reduced by a 
actor N/r. For a given number of quantum levels, O, the 
veak-signal/r.m.s.-noise ratio would need to be Q, as at present. 
since, however, noise fluctuations arising in trarismission will 
ave an r.m.s. value proportional to the square-root of band- 
width, the present-day requirement could be relaxed by a 
actor 4/(N/r). ; 

For the position signal the situation is rather more complicated. 
Ne will consider the case of a scanning line containing a single 
ransition of duration x picture elements. The position pulse 
ielating to the transition will have an amplitude proportional 
© x, and will instruct the scanning beam at the receiver to 
revel at a velocity proportional to x, so that in the interval 
vefore the arrival of the next instruction it will have travelled x 
-icture elements, thus locating the transition. To describe the 
most remote position, i.e. x = N, with an r.m.s. error not 
«xceeding one picture element calls for a discrimination of one 
art in N, i.e. a signal/r.m.s.-noise ratio of N. A fixed noise 
evel will clearly cause the same positional error for a single 
transition, whatever the value of x. For example, if x = 1 
astead of N, the velocity would be subject to an r.m.s. error N 
mes as great, but since the velocity would only be 1/N times the 
reyious value, the r.m.s. positional error would still be one 
ement. If we now consider the case of r transitions, each with 
f. r.m.s. error of one element measured from the previous 
ransition, the rth transition will have an r.m.s. error of +/r 
liements, so that the signal/noise ratio would need to be increased 
iy a factor 4/r in order to preserve the positional accuracy of 
emote elements. Since the accuracy decreases with each suc- 
2ssive transition, it would pay to weight the position pulses to 
‘ive the same positional accuracy at all points along the line. 
.ccurately located synchronizing pulses would, of course, be 
ansmitted at the end of each line so that cumulative error 
vould be avoided. 

' On the basis of 600 elements per line and 50 significant transi- 
jons, the signal/r.m.s.-noise ratio required for the position 
i\gnal would be 1/50 x 600, or approximately 72 dB. 

This is a formidable figure which would probably not be 
salized in practice, but a number of measures may be taken to 
mproyve the situation. First, it must be remembered that the 
ove example represents a bandwidth reduction of 6:1, so 
iat it would be equivalent to only 64dB with the existing band- 
vidth. Scanning vertically instead of horizontally would reduce 
€ requirements by 3dB, since because of the aspect ratio of 
€ picture, 400 instead of 600 positions would need to be defined. 
. further 3dB reduction could be obtained by transmitting the 
sosition information twice, once with brightness signal added 
© once with it subtracted. This would cost no more band- 
“icth, since addition of the two signals would give the position 
afermation, and subtraction the brightness information, but 
viscrimination against noise would be improved by 3dB at the 
2s: of a small increase in power. This increase in power would 
a ‘act be negligible, since a very small relative power would 
*sfiice for the brightness signal, in order to meet the modest 


. 
: 


| 


269 


signal/noise requirement for this signal as compared with the 
position signal. 

The problem is very considerably eased if the standard of 
picture reproduction required is relaxed. In order to achieve 
long-distance transmission this may be well worth while. For 
example, suppose that a 1-5Mc/s picture is considered satis- 
factory. This immediately reduces the bandwidth by a factor of 
two, therefore bringing about a 3dB reduction in noise. The 
positional accuracy is relaxed by a factor of two, which permits 
of a further 6dB of noise. It is also true that in the reduced 
bandwidth there would be fewer significant transitions, so that a 
total reduction in signal/noise ratio of at least 10dB would seem 
permissible. Taking all these points together, the requirement 
would be the equivalent of 48 dB in the present bandwidth, and 
actually 59 dB in a bandwidth of 250kc/s. Further reduction of 
bandwidth could be achieved by sacrificing picture quality in a 
manner which might not be very objectionable. By accepting 
fewer quanta of brightness it is probable that the number of 
transitions would be reduced in proportion. Six brightness 
levels as opposed to 30 would on this basis bring the above 
figure down to 50kc/s, and still provides a very recognizable 
picture; this is evident from the photographs of Fig. 7, which 
show two examples of a 405-line television picture quantized 
into six brightness levels. It is of interest to note that neither 
of the quantized pictures contains more than 50 transitions in 
any single line. Further examples of quantized pictures are 
given in an earlier paper by Goodall.5 

Before leaving the question of noise, one further point deserves 
mention. It will be seen from eqn. (4) that for a given channel 
capacity, C, the bandwidth, W, is inversely proportional to the 
signal/noise ratio expressed in decibels. In theory, therefore, 
it is always possible to exchange signal/noise ratio for bandwidth, 
but such an exchange does not constitute signal compression. 

It has been shown that by the method described it should be 
possible to reduce the bandwidth of a television signal to one- 
sixth of that normally required. If such a reduction were 
achieved entirely by virtue of an exchange between signal/noise 
ratio and bandwidth, the required signal/noise ratio would be 
increased from 30dB to 180dB. The fact that the signal/noise 
ratio requirement is increased only to 72dB shows that genuine 
signal compression can be achieved by the method. 

It is true, however, that the method of coding proposed does 
not give the ideal result. The theoretical estimate of compression 
for N = 600 and r = 50 was previously shown to be 7:1. This 
should permit of bandwidth reduction in this ratio, with no 
additional demands in respect of signal/noise ratio. The 
practicable system described above, however, gives a basic 6: 1 
reduction in bandwidth but requires an increase in signal/noise 
ratio. 

The discrepancy is accounted for by the fact that the position 
information has not been ideally coded. In order to realize the 
full compression, advantage would need to be taken of the fact 
that after each transition the number of possible positions for 
the remaining transitions is reduced. This would require a 
more complicated code in which the probabilities were reassessed 
after each transition. The relatively simple arrangement pro- 
posed treats all probabilities as equal, thus catering for N’ 
possible positions for r transitions, and furthermore accumulates 
the error. It does, however, provide for almost the maximum 
compression of bandwidth, provided that r is relatively small, 
but naturally calls for a greater signal/noise ratio. 


(5) CONSTANT-AMPLITUDE VARIABLE-POSITION SYSTEM 


As already discussed, present-day television systems transmit 
information of variations of brightness at constant intervals of 
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itime. It is of interest to consider the other extreme, namely a 
system which would transmit information of constant changes of 
brightness at varying intervals of time. If a waveform as shown 
if Fig. 1 is quantized directly without sampling, a waveform 
rs as that shown in Fig. 8(a) will be produced. Differentiation 


212 


Fig. 8.—Constant-amplitude varying-time system. 


(a) Quantized waveform. 
(6) Signal describing position and sense of quantum changes. 


ai this waveform will produce a series of pulses of equal amplitude, 
out with varying time interval. If the successive intervals are 
measured in the manner previously described and the time 
intervals are equalized, a single series of pulses will suffice to 
describe the original waveform. Such a series is shown in 
iFig. 8(b). Each positive pulse instructs the receiver to add one 
guantum of brightness, the amplitude of the pulse defining the 
distance along the scanning line for which it must be maintained. 
Gach negative pulse would instruct the receiver to subtract a 
guantum, the distance information again being supplied by the 
mplitude of the pulse. The design of receiver for such a system 
would be exceptionally simple, so it is of interest to examine 
riefly its characteristics. 
The number of changes of brightness would in this case be 
utrictly proportional to the sum of the positive and negative 
excursions of the waveform, which has already been referred to 
sas the ‘detail factor’. Taking the figure of 3%, the number 
would be the same as that for a waveform which changed the 
‘ull amplitude as many times as 3% of the total number of 
‘lements in the picture. Each transition of full amplitude would, 
nowever, give rise to as many pulses as there were quantum 
vels, so that for the case of 32 levels the number of pulses 
vould correspond almost precisely to the number of elements 
m the picture. On this basis compression would not be possible. 
Dn the other hand, if the number of quanta were reduced, say 
0 five levels, the saving in bandwidth would be approximately 
i:1. This is, in fact, precisely the result which would be 
btained with a constant-slope variable-velocity system as 
lescribed in the earlier paper;! it is a quantized version of the 
jame principle with perhaps the advantage of more precision 
m: that the intervals between successive data could be equalized 
orecisely. 

For certain applications where fewer levels would suffice this 
leveme is worthy of serious consideration on account of its 
belative simplicity. 
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(8) APPENDICES 


(8.1) Position Information 


The number of possible positions for 7 transitions in a line 
containing N elements is 


(N— 1)((N—2)...(N—?r)/r! =(N— DY [r“n—r—1)!] nee) 
The information content is thus 
H, = log, (N — 1)! — logy r! — log, (N — r — 1)! (8) 


and we note that this equation is unaltered if r is replaced by 
(N —1—Yr). 
Stirling’s approximation for log, k! can be written 


logy k! =(k +4) log, k — 1-44268k + 1-32575 +.0-12022/k . (9) 


which is remarkably accurate even for small values of k. 
Substituting from (9) into (8) we have 


H, = (N — 4) log, (N — 1) — (r + 9) logyr 
— (N — r — 34) log, (N — r — 1) — 1-32575 


1 1 1 
0 12022( - ty ~z—) (10) 
= (N — 1) log, (N — 1) — rlogyr 
— (N — r — 1) log, (N — r — 1) 
Need 
BI. 6 
SDS eee eT 
1 1 1 
= 0-12022(- + ) (11) 


This form is probably the most satisfactory available for 
determining H,. The symmetry whereby substitution of 
(N — 1 — r) for r leaves H, unaltered remains obvious, and the 
terms in the last two rows of eqn. (11) are unimportant; the term 


1 Io sages coe is nearly zero for r = 1, is nearly —4 log, r 
x 1082 2 
r(N — 1 — r) 


for small r and is nearly 2 — 4 log, (N — 1) for r = 4(N — 1), 
so that this term never contributes more than —2-615 [for r 
= }(N — 1), N = 600]. 
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(8.2) Practicable Method of Equalizing Time Intervals 


For the purpose of equalizing the time intervals between 
successive transitions or position pulses, a storage tube, similar 
to a simple iconoscope, might be used. The brightness signal, 
for example, would, on the first scan, modulate the scanning 
beam, which would ‘write’ the corresponding electrical image on 
the target as a normal television raster. In the case of the 
United Kingdom standard the whole of the field would be stored 
in 2;sec. During this process the number of transitions stored 
would be counted, thus giving a measure of the average time 
interval between successive transitions. 

The reading process would be accomplished as follows. The 
same beam that was used for writing would return to the first 
line and then proceed to scan at high speed. As the beam 
traversed a charged area due to a stored pulse, a displacement 
current would flow in the target load resistance.as with a normal 
camera, thus developing a proportional signal voltage. This 
signal voltage would (a) be stored in a capacitor, and (b) be 
amplified and caused to trip an electronic switch so as to arrest 
the scan. At an interval of time equal to the average interval 
between the stored pulses, as measured, a trigger pulse would 
be applied which would act as an escapement, causing the signal 
stored in the capacitor to be transmitted, and the scanning 
beam to proceed at high speed to the next charged area, when 
the process would be repeated. The escapement pulses would 
be a pulse train derived from a conventional pulse generator 
with the pulse repetition frequency controlled at the end of each 
writing period according to the number of brightness pulses 
stored. This method would give rise to a rate of information 
which would remain constant over each field but vary with 
successive fields according to the amount of information to be 
transmitted. It has the advantage of a constant field rate for the 
transmitted signal, which might ease conversion to a standard 
signal at the receiving end. 

An alternative proposal has been suggested to the author by 
Mr. A. V. Lord, which could readily be applied on the basis 
that no scanning line will contain more than a fixed maximum 
number of transitions. Assuming that a maximum of, say, 
50 transitions* in. any scanning line is to be catered for, then 
50 storage capacitors would be used in conjunction with a binary 
ring counter. The first pulse to arrive would (a) be stored in the 
first of the capacitors, and (6) operate the ring counter to bring 
into circuit the second capacitor in readiness for the next pulse. 
The next pulse would, on arrival, be stored in the second capacitor 
and again operate the ring counter bringing into circuit the third 


* Since completing the paper, the author’s attention has been drawn to an alter- 
native method, also based on the ‘assumption that there is a fixed number of transitions 
in each line, which is described in British Patent Specification No. 680648 (Standard 
Telephones ‘and Cables Ltd. ). 
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capacitor, and so on until the line was completed. This is, of i 
course, analogous to the writing process in the case of a storage © 


tube. 


The analogous reading process would be accomplished » 


by discharging each of the capacitors in turn at a fixed frequency » 


precisely equal to 50 times the television line frequency. 
Two such stores would be required, working simultaneously, 
to enable the reading of one line to take place at the same time 


as the writing of the succeeding line, the change-over device ii 


being synchronized to the line frequency. 

The fact that, in general, scanning lines would contain less 
than the maximum number of transitions would be of no conse- 
quence; for example, if there were 40 transitions, the last 10 


| 
} 


é 
I 


? 


capacitors would receive no charge in the period of the line in | 


question. The reading process would be initiated in the normal © 
manner by the arrival of the line-synchronizing pulse at the end 
of the line, which would re-set the counter and operate the 
change-over device. The absence of position pulses after the 
40th pulse would be interpreted by the receiver as ‘zero velocity’, 
and the scanning beam at the receiver would simply remain — 


stationary until the arrival of the line-synchronizing pulse. The — 


ly 


position of the stationary beam would correspond to the position — 


of the line suppression interval and the beam could therefore Oey 
suppressed in the normal manner and hence have 1 no effect on 
the reproduced picture. 

This proposal has the great merit of arranging that the data 


are transmitted not only at a constant rate but also at a precise | 
multiple of the television line frequency, thus making the process © 


of synchronous detection at the receiver relatively simple and ¥ 
It would be difficult to apply this method of storage | 
to a period greater than one line period, but experimental evidence | 


accurate. 


would indicate that a very worth-while compression would be 


achieved on this basis, particularly if the brightness quanta were | 


restricted as shown in Fig. 7, which might not be unreasonable | 


for a transoceanic transmission of high interest value. 


It is interesting to note that whilst a number of transitions in 


excess of the maximum catered for would cause the system to 
fail, it would fail only to the extent of missing picture information 
at the end of the line; it would not introduce geometric distortion. 
This type of failure might be avoided altogether by using a 
suggestion put forward by Mr. R. F. Vigurs and Mr. A. V. Lord, 
according to which the number of brightness quanta would be 
varied inversely with number of transitions. 


This could be 


achieved in a relatively simple manner by delaying the television 


signal by a period equal to the duration of one scanning line, 


thus enabling the number of transitions to be counted before — 


storage. With this arrangement, a line containing gradual 
changes of brightness and little detail would be reproduced with 


a large number of quanta, whilst a line comprising fine detail 


would be reproduced with few brightness quanta. 
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. SUMMARY 

_ The general properties of linear accelerator waveguides loaded with 
spaced discs of ceramic dielectric are investigated theoretically and 
saese waveguides are shown to have a higher shunt impedance than 
jil-metal waveguides. Theoretical and experimental methods of 
waveguide design follow, a combination of which is used to design an 
yxperimental linear electron accelerator. Early experience with the 
vccelerator shows considerable excess attenuation, which is probably 
sssociated with a high secondary-emission coefficient of the car- 
yronaceous deposits formed; this is later eliminated by using mercury 
sestead of oil-diffusion pumps. Provided that suitable precautions, 
ouch as the use of a mercury pump, are taken it is concluded that the 
way lies open for further development of dielectric-loaded accelerators, 
‘with considerable potential advantages. 


} 
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| LIST OF PRINCIPAL SYMBOLS 
a = Radius of central hole in waveguide. 

b = Radius of metal wall of waveguide. 
g = Half-thickness of dielectric discs. 

_.  h= Half-spacing between dielectric discs. 

| «=shg +h. 

»p, $, z = Cylindrical co-ordinates. 
ft = Permeability (subscript 0 for free space). 
€ = Permittivity (subscript 0 for free space). 

Zo = V (Hol <0). 


o = Conductivity. 


fo) Time: 
f = Frequency. 
w = 2nf 


Q = we/o (for a dielectric). 
BR = +/(wp/2¢) (for a conductor). 
c = Velocity of light. 
v = Phase velocity. 
v, = Group velocity. 
A = Wavelength (subscript 0 for free space). 
k — 271/Ao. 
B = 2n/A,. 
I, X = Radial propagation coefficients. 
T, y = Propagation coefficients defined in text. 
6, r = Angles associated with reflection defined in text. 
@® = Half phase-change per section. 
E = Electric field. 
E = Effective axial accelerating field. 
D = Electric displacement. 
H = Magnetic field strength. 
B= Magnetic flux density. 
p = Power dissipated in losses. 
P = Power flux (surface integral of Poynting vector). 
. 44, Y, = Bessel functions of first and second kinds respectively 
of order n. 


Ur. R.-Shersby-Harvie is at the Services Electronics Research Laboratory. 
Ar. Mullett, Mr. Walkinshaw, Mr. Bell and Mr. Loach are at the Atomic Energy 
. Research Establishment. 


F,, = A linear combination of Bessel functions. 
S, = nth root of Jo(S,,) = 0. 

a = Attenuation coefficient. 

7 = Shunt impedance per unit length. 

W = Energy of an electron in electron-volts. 

L = Length of a linear accelerator. 

ds, dr = Differential elements of surface and volume, respec- 
tively. 


Except where otherwise stated, M.K.S. units are used through- 
out the paper. 


(1) INTRODUCTION 


The first travelling-wave linear electron accelerator! used an 
all-metal corrugated waveguide to carry the slow Eg wave required 
for accelerating the electrons, and many subsequent developments 
have continued to exploit the metal corrugated guide very success- 
fully. The generation of high electron energies nevertheless 
requires high-power pulses of radio-frequency energy and is quite 
a costly undertaking. Unless very large electron currents are 
also required, most of the r.f. power is uselessly converted into 
Joule heat in the wails of the waveguide; consequently many 
efforts have been made to devise less wasteful waveguides, which 
primarily means waveguides with a higher shunt impedance. * 

The first attempts to design better waveguides were simply 
investigations of different geometrical arrangements of metal con- 
ducting surfaces, but nothing much better was found than the 
corrugated waveguide with the optimum pitch of corrugations.?»3 
More recent work4 has shown that better geometrical arrange- 
ments may exist, but even the best of these can only be expected 
to increase the shunt impedance by a factor less than two. At 
about the same time as the first corrugated guides were being 
made several authors suggested>»® the use of tubes of solid 
dielectric material bounded by an external conducting wall, but 
detailed investigations’>8»9+!9.!1,12 showed that the losses were 
at least as high as in the corrugated guide. Despite the rather 
high losses, certain practical advantages have been claimed for 
this design,!2 and an experimental accelerator!? has been con- 
structed with a quartz tube as the dielectric. The first theoretical 
design which had appreciably lower losses was a waveguide con- 
sisting of a tube of ferromagnetic material within a concentric 
conducting tube.!4 No suitable ferromagnetic material was 
known, but the theoretical work led on to an investigation of 
anisotropic dielectric loading material,7»!5»!® which showed that 
the losses could be substantially reduced and that a suitable 
anisotropic dielectric could be simulated by using spaced lamina- 
tions of ordinary dielectric, and linear accelerators incorporating 
this form of loaded waveguide are the subject of the paper. 

The theory of anisotropic-dielectric-loaded waveguides for 
linear accelerators is developed in subsequent sections of the 
paper and is followed by an account of some experimental work 


* Shunt impedance of a waveguide is here defined as E2/p, where E is the accelera- 
ting electric field, and p is the power absorbed per unit length. 
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upon these waveguides and a description of a small linear accelera- 
tor which has been constructed. Operating experience with 
this linear accelerator has shown that the use of dielectric loading 
is quite practical, provided that certain precautions are observed 
in getting a suitable vacuum, and has confirmed the theoretical 
predictions. Besides showing that the simple design of aniso- 
tropic-dielectric-loaded waveguide described in the paper is a 
practical proposition for linear accelerators, this work opens the 
way for development of more complicated dielectric wave- 
guides!7,!8,!9 which calculations have shown to possess shunt 
impedances many times greater than that of all-metal waveguides. 


(2) SIMULATION OF ANISOTROPIC DIELECTRICS 

Natural crystals with anisotropic dielectric properties exist in 
abundance but, in general, have either insufficient anisotropy for 
the application in question or involve practical difficulties in 
their preparation. It is therefore necessary to consider how 
suitable anisotropic dielectrics can be simulated by certain 
geometrical arrangements of ordinary isotropic material. 

One of the most satisfactory arrangements consists of evenly 
spaced plane laminae as shown in section in Fig. 1, where é is 
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Fig. 1.—Laminated dielectric medium. 
Kk = sig +. h) 


the permittivity of the homogeneous isotropic material of the 
laminae and oa is its conductivity. If the periodic length of this 
laminated medium is sufficiently small compared with the wave- 
length of any applied electromagnetic fields it can be regarded as 
a homogeneous, but anisotropic, dielectric. It is required to 
find the properties of this laminated medium. 

Consider a parallel-plate condenser with its plates normal to 
the z axis in Fig. 1. The capacitance can be calculated in the 
usual way, and will be found to be the same as if the condenser 
had been filled with a homogeneous dielectric of permittivity €,, 
given by 

1 


Ease he 


€) being the permittivity of the interlaminar spaces, i.e. of a 
vacuum, and « the ratio given in the list of symbols. 

By considering another parallel-plate condenser with its plates 
parallel to the z axis, another permittivity, €,, will be found, 
which is the same along any axis p normal to the z axis, and is 
given by 


e,l€o = 


€,/€9 = 1 + k(e/eg — 1) 
The ratio of these two permittivities is thus 
e,/e, =1+K(1 —Klefepg —DA—efe—). . . @) 


It will be seen that when «x < 1, e€./e, > 1, because, for any 
ordinary dielectric in the laminae, «/eg >1. This kind of 
anisotropy is the same as that in an uniaxial crystal, the z axis 
being the optical axis. In contrast to most crystals, however, 
a very high degree of anisotropy can be obtained; for example, 
when ¢/€) > 1, and « = 1/2, €,Je, ~ 1 + (1/4)(€/e9). 

When the co-ordinate axes coincide with the principal axes of 


(2) 
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the anisotropic medium, as in the present case, a simple relation 
exists between the electric field E and the displacement D, which |» 
will be frequently required hereafter ; this relation is, in componeaay tir 
form, D, = «,E, and D, = €,£,. 

The power losses i ina laininated dielectric will also be required, | ; 
The mean power dissipated in a volume V of ordinary homo- ip 
geneous isotropic dielectric is |! 


| 


Va lt |E|?dr 
a 

where Q = we/o, and o = conductivity, the reciprocal of Q 

being usually called the loss tangent. {| 

It is not difficult to show that the above formula is ae) 

applicable to the laminated medium in the component form 


PE onl |E,|?dr : 
Z DD Q iv 
ee ‘ 2 Pe att oF 
(Oona 3 0, |, dr at 
MN 


| 

By considering the power losses in the parallel-plate condensiil 
systems already mentioned, it can be shown that + 
i 
hi 


- = Qelxe, 
= Qe,|Ke } 4) 


where Q refers to the oe of which the laminae are 
composed. 

Eqns. (4) and (5) give the power loss associated with eal 
component of an electric field. The total power loss is obtained — | 
by summing the losses due to each component. By substituting © 
eqns. (1) and (2) in eqn. (5) it will be found that 0, > Q, > Q; | 
in this sense the intrinsic Q-factor of the dielectric is improved | 
by laminating it. 


(3) A WAVEGUIDE WITH ANISOTROPIC LOADING 
Most of the essential properties of an anisotropic-dielectric- | 
loaded waveguide suitable for a linear accelerator can be found | 
by assuming the loading medium to be so finely laminated that it 
can be regarded as a homogeneous anisotropic dielectric. This | 
so-called anisotropic theory is derived in this Section in order to 
demonstrate the important features of these waveguides, but the - 
limitations of the theory will be examined more closely in later 
Sections. 
Since the waveguide is to be applied to a linear electron accele- 
rator, the calculations in this Section are restricted to the case 
where v = c, v being the phase velocity. 


(3.1) Solution of Field Equations 


Consider the circular cylindrical waveguide shown in Fig. 2, 
having a central hole of radius a and an outer conducting wall of 


wh 2¢ud),, 
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Fig. 2.—Waveguide with laminated dielectric loading and central hole. 
K = 2/(2 +A). 
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radius b, the intervening space containing a simulated aniso- 
tropic dielectric. The method followed is first to write down 
jeld solutions in the two regions O<p<a and a<p<b 
separately, and then to impose the conditions that the waves in 
the regions must match each other over their common boundary, 
> =a. 

The wave in the central hole is an ordinary E-type wave with 
» = c, which has well-known field components,” namely 


E, = Ey exp — jBz 
E, = jEoB(p/2) exp — jBz pre ars a(6) 
ZoHy = jEpk(p/2) exp — jBz 


where p<.a,B = +k for v = +c; the time factor, exp jwt, 
is omitted both here and throughout what follows. 

The fields in the dielectric region are obtained from Maxwell’s 
equations for an electrically anisotropic but loss-free medium, 
namely 


VxH = dD[dt; VxE = —dB/dt; B = pH 


/A circularly symmetrical E-type wave is required, so various 
simplifications are immediately possible. Harmonic time varia- 
tion as exp(jwt) can be assumed, giving 0/d¢ = jw; circular 
symmetry gives 0/0¢ = 0; longitudinal symmetry implies plane 
mwaves, SO a variation with z as exp (—/8z) for a forward travelling 
wwave of wavelength A, = 27/8 is assumed, giving 0/dz = —/B; 
\D,=e€,E, and D, = €,E,, as already shown; finally, for an 
P-type wave, H, =0. Maxwell’s equations in component form 
then become 


é el tar, =! OE a 
_ BHs = jwe,E,; sen = jwe,E,; jBE, + D0, = jopHys 
‘Solving for E, then gives 
ny) en ie) ere atts 
sae A 5 ae SAV | me | 
ee ea Cae =P?) . (7) 


Eqn. (7) is Bessel’s equation and a suitable combination of its 
‘two solutions gives E,, the correct combination being that which 
satisfies the boundary condition on the outer conducting tube, 
i.e. E, = 0 when p = b. Having found E,, the other field com- 
ponents follow readily and the fields in the dielectric can be 
written 

E, = E,Fo(Up) exp — j8z 


«, B 


E. = JE\= pei) exp — jBz 
e 


(8) 
Co eek ; 
ZH eesti por? exp — jBz 


where a < p < 5, and 
TJe, = Pleo — Ble, 
Fo(Tp) = Yo(T)Jo(Tp) — Jol) ¥o(Tp) 
Fy(Tp) = Yo(T)Ji(Ip) — Jo(P)¥i (Tp) 


J, and Y,, are first and second kinds of Bessel functions of 


order n. 
The fields in each portion of the waveguide must now be 


matched at the boundary, p = a, by equating E, and Hj. This 
results in the two independent equations 
Eo on 2€,/€9 a F,(Ta) (9) 
E, F(T) [a F, (Ta) 


The fields are now completely determined by eqns. (6), (8) and 
) except for one arbitrary amplitude term, which depends upon 
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the power flux. The power flux, P, is defined as the time-averaged 
Poynting vector, 4(E x H), integrated over the cross-section of 
the waveguide. In most practical systems of waveguides the 
surface of integration may be closed in a field-free region, so 
that the Poynting vector integrated only over the waveguide cross- 
section has come to be regarded as the power which is available 
to do work. Ina linear accelerator with feedback, for example, 
there is a circulation of energy around a loop, and the waveguide 
cross-section cannot be regarded as a closed surface, so that the 
power flux as defined will in general be unrelated to the true 
power available to do work. It is the power flux, however, 
which determines the fields at any cross-section of the waveguide, 
and this is therefore the most convenient quantity for the present 
purpose. 

To find the power flux, let Py = power flux in hole (0 < p < a), 
and P; = power flux in dielectric (@a<p<b). Then P= Py 
so Mig tehavel, oye a) (a: 


Po EZ = 77B2a4/16Z (10) 
ee e2 (k\27E,\?2 b 
and PIER= > aS) G@) | PEP dp we ) 


Since Fy and F, are linear combinations of cylinder functions 
they are themselves cylinder functions, and any of the well-known 
formulae may be used to evaluate integrals like that in eqn. (11). 


(3.2) Derivation of Shunt Impedance 


‘ The wave has been completely defined in Section 3.1. It will 
be seen to be qualitatively similar to an Ep-wave in an ordinary 
isotropic waveguide, but there are important quantitative dif- 
ferences. The shunt impedance is the most important property 
for linear-accelerator applications and will be examined in detail. 
Attention will again be confined to the case where v = c, which is 
approximately the requirement over the greater part of the length 
of any electron accelerator. 
The shunt impedance of a waveguide is defined as 


n =|E|?Ip 


where |E| = Field on axis of waveguide, =|£| from eqn. (6) in 
the present case. 
P = Power dissipated per unit length of waveguide. 

The power dissipated per unit length may be split into two 
parts: p,,, the power lost in the metal (e.g. copper) walls, and pp 
the power lost in the dielectric, so that p = p,, + Pg. There are 
then two associated shunt impedances 7,, = |E|?/p,, and 
Ne = |E|*/pg, which are such that 1/7 = 1/7, + 1/y,. It is 
convenient to examine the two constituents of the shunt impe- 
dance separately. 

Assuming the fields to be unchanged by the losses, the usual 
approximation for the metal losses gives 


Pou =(A!2) § HyHjds integrated over unit length of wall, 


I/o 
(skin depth) 


~ (4:52 x 10~4)//Ap for copper. 


where & = = +/(wp/20) for metal walls 


By integrating |H,|* over the walls, one obtains from eqn. (8) 


2 
Poul ER = Bee | KeeF Fr) | (12) 


Z2| TeoEo 
Again assuming the fields unchanged by the losses, the dielectric 
losses may be obtained from eqns. (4) and (8), namely 


mk (E,\2 Ke,2° 
Ore JER = 7 =) ee | Pap dp (13) 
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(14) 


and 


te k 


2 b 
2 € 
F2(T'p)dq 
Zo\Eo r) ae ee 


where pr, = dielectric loss per unit length associated with E,. 
Pg. = dielectric loss per unit length associated with E,. 
Pr = total dielectric loss per unit length. 


= Pr, + PEp 


The shunt impedance and its separate constituents now follow 
immediately from their definition and eqns. (12), (13) and (14). 

It is difficult to draw any conclusions from the preceding 
formulae without resorting to complicated numerical examples. 
A simplified case will, however, illustrate the basic features of 
the shunt impedance. When there is no central hole, i.e. a = 0, 
the formulae simplify considerably and the constituent shunt 
impedances become 


Op rl EB ae 


SgorkZhs eis sole Hs 
Neu PRS SHS) (e,/e "2 
where Sp is the smallest positive root of Jo(So) = 9, 
E\ OF 
and a= | ee ee (16) 
ie se astenpse Se) 
ae ag 

where rs kt VOR) ) 


e/e, + (€,/€)(€,/€9 — 1) 


The second factor in eqn. (15) has been plotted in Fig. 3 and 
shows the relative shunt impedance associated with copper losses 
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Fig. 3.—Relative shunt impedance associated with copper losses for 
v=c. 


as a function of €,/€9 for three values of «. The proportion of 
dielectric present is a simple function of the abscissa, given by 
eqn. (2). It can be shown that, in the case of a solid dielectric 
(ec, =«€,= ©), Ny, attains a maximum when €¢/e) = 4; this 
maximum is marked in Fig. 3, and the increase of Ney Obtained 
by laminating the material is apparent. 
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Fig. 4.—Relative shunt impedance associated with dielectric losses for 
v=C. 


The factor F in eqn. (16) has been plotted in Fig. 4, and shows 
the relative shunt impedances associated with dielectric losses as 
a function of €,/€9 for three values of «. In the case of a solid 


R.-SHERSBY-HARVIE, MULLETT, WALKINSHAW, BELL AND LOACH: A THEORETICAL AND EXPERIMENTAL 


4, | 


. 
| 


dielectric, F reaches a maximum value of unity when € is infinite, i 
It will be seen that y, is greatly increased by laminating the M 
dielectric, and in many practical examples of laminated dielectric » 


guides the dielectric losses will be found to be negligible com- 
pared with the losses in the conducting wall. l 
The approximate effect on the shunt impedance of altering the 


case of the waveguide without a central hole. By differentiating 
eqn. (15) with respect to €,, keeping € constant, the maximum 
value of 7,, is found to occur when €,/€9 = ~/(3«/€o + 4) — L 
This maximum value of 7,,, and the corresponding value of K, 


is shown as a function of €/é€o in Fig. 5 for Ag = 0-1m and the \ 
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Fig. 5.—Effect of permittivity upon shunt impedance for 


» =cand Ayo = 0-1m. 


wall is of copper (o = 5:8 X 107). The factor ck becomes unity © 
when €/€9 ~ 2-3, so that it is only for larger values of €/€o that | 


any advantage can be gained by laminating the dielectric. 


rapidly to a limiting value of 0-5 when ¢/eg approaches infinity. 
However, with practical values of Q, 7, is usually so much larger 
than 7,,, that the best choice of x remains very nearly that giving 
maximum 7,,.. Consequently, 7, has been shown on Fig. 5 for 
that value of x giving maximum 7,,,. 

The general conclusion to be drawn from Fig. 5 is that the 
range of e/eg to give high shunt impedances is from approxi- 
mately 10 upwards. However, there is little to be gained by 


It 
permittivity of the laminations can also be obtained from the » 


o 


i 
1 


f 


The shunt impedance 7, can be maximized in a similar way. ; 
The value of « for maximum 7; is 1-0 when e/eg ~ 1-8 and falls — 


exceeding 100, and since practical dielectrics with «/eg s; 100 have 


some unsatisfactory properties, the useful range of €/eg is roughly — 


between 10 and 100. 


(3.3) Other Derived Properties 


It is usually necessary to know certain other properties of a 
waveguide in addition to the shunt impedance when designing a 
linear accelerator. One of these is the group velocity, which 
may be obtained most simply by application of the adiabatic 
theorem, as has been done previously,?° or by a more general 
principle.2!_ The latter shows that in any loss-free periodic 
structure the group velocity v, is given by 


aie dw - Power flux 
% dB Stored energy per unit length 


It thus follows that 
write Po tP 
*  (uol2) f HH gar 
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ithe volume integral embracing unit length of waveguide. Hence 


ae Poor Fy 


b 
TH} pHalsdp 
se 1 + (€9/€,)G 
ic G 
167E 621° ¢° 
Se hee (sale os ee 2 
C= (get) gal pFeCpdde 
The attenuation coefficient, «, is also required sometimes and 


this can be expressed in terms of quantities already derived by 
suse of the well-known relation 


{OGM ——=C 


(17) 


where 


« = (1/2)p/P nepers per unit length., 


4) NUMERICAL EXAMPLES OF ANISOTROPIC WAVEGUIDES 


It will have been realized by now that the only way to appre- 
ciate the full characteristics of the anisotropic waveguide is to 
make numerical calculations. It is clearly impossible to make 
salculations over the whole possible range of all the parameters, 
and, although the more interesting regions have been investigated 
vather fully,?? it is impossible to reproduce here more than a very 
wmall fraction of even these results. In addition to waveguide 
~haracteristics the application of dielectric waveguides to linear 
aecelerators involves numerous design considerations, for a 
iscussion of some of which the reader is again referred 
eisewhere.?3 
As already stated, the most important single characteristic of a 
waveguide for a linear accelerator is its shunt impedance. The 
ain parameters whose effects must be studied are the dielectric 
onstant and the Q-factor, the degree of lamination, «, the 
operating wavelength, Ao, and the radius of the central hole, a. 
Ihe phase velocity can be assumed to be equal to the velocity of 
ight, which determines the outer radius of the waveguide, b. 
Fig. 6 shows the theoretical shunt impedance of a copper- 
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Fig. 6.—Example of shunt-impedance variation for 


Ao = 0O-lm 
025 
a=0:01m 
v=C 


ZT, 


walled waveguide as a function of QO for three different dielectric 
constants, at least the larger two of which represent commercial 
ceramics with very high Q-factors. The other parameters have 
been chosen as typical practical values. It will be seen that the 
shunt impedance tends to become independent of Q for large 
values of Q because the dielectric losses become much smaller 
than the copper losses. 

In Fig. 6, « was made equal to 0:3. Figs. 7 and 8 show the 
effect upon copper and dielectric losses respectively of varying k; 
these two diagrams have been plotted for three different hole 


radii. Figs. 7 and 8 show that there is an optimum value of x 
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Fig. 7.—Variation of copper losses for 


Ao = 0-1m 
e/eg = 95 
v=c 


giving minimum power loss, the optimum value depending to 
some extent upon the Q-factor of the dielectric. In these two 
diagrams a dielectric constant of 95 has been assumed, but similar 
diagrams plotted for other dielectric constants have been found 
qualitatively similar; it can be inferred from such diagrams that 
the x of 0-3 chosen for Fig. 6 gives shunt impedances little worse 
than the optimum throughout the range. The extent to which 
increasing the hole size reduces the shunt impedance is also 
evident. 

To complete the picture for the one case with a dielectric 
constant of 95, Figs. 9, 10 and 11 show respectively the outer 
radius b, the power flux divided by EZ (i.e. the inverse of the 
series impedance), and the group velocity v,, all as functions of K 

Any waveguide can be changed in dimensions by altering Ap in 
the same ratio without affecting the phase velocity. The shunt 
impedance associated with metal losses is proportional to hy 1/2. 
and that associated with dielectric losses is proportional to v5! 
provided Q remains unchanged. These relations would suggest 


278 


0-5 
x 
Fig. 8.—Variation of dielectric losses for 
Xo = 0-1m 
efeg = 95 
Ce 


Fig. 9.—Variation of outer radius of guide. 


Ao = O-1m 
efeg = 95 
v=cCc 


that as short a wavelength as possible should be used, but this is 
not actually so because practical requirements set a minimum 
hole size, and when this is taken into account it is found that 
there is a wavelength giving maximum shunt impedance. In 
addition, of course, many other practical considerations affect 
the choice of wavelength. 

Some practical numerical examples of complete linear accele- 
rators have been considered elsewhere,”? and these have shown 
that in many cases the performance of the anisotropic-dielectric- 
loaded accelerator should be superior to that of the conventional 
corrugated-metal-waveguide linear accelerator. The performance 
of a complete accelerator can be considered as being roughly 
proportional to the so-called figure of merit?®° (W?/PL), which 
can ideally approach the shunt impedance of the waveguide but 
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Fig. 10.—Variation of series conductance for 
efeg = 95; An = 0-1 m3 v=—c 
Eo = Axial electric field. 
P = Power flux. 


provides a more accurate basis of comparison since it takes 
account of the extent to which this ideal is realizable. The 


ratio of the figures of merit in the two cases depends greatly upon — 


the dimensions of the accelerators being compared, but for the 
sake of conveying an approximate idea it can be stated that this 
ratio often lies between 1 and 2. 


(5) MORE ACCURATE ANALYSIS OF LAMINATED- 
DIELECTRIC-LOADED WAVEGUIDE 


The anisotropic theory so far employed as an approximate 
solution for waveguides loaded by discrete laminae becomes exact 
as the thickness and spacing of the laminae tend to zero; it will 
also be found to be an adequate approximation for investigating 
the general performance of practical designs of waveguides, as 
has been done in Section 4. A waveguide for a linear accelerator, 
however, requires the phase velocity to be very precisely con- 
trolled,° which in turn imposes an even higher order of accuracy 
upon the dimensions of the waveguide. The simple anisotropic 
theory has been found inadequate for designing waveguides to this 
degree of accuracy, and this Section describes how better approxi- 
mations may be obtained and indicates the accuracy which may 
be expected from the anisotropic theory. The design of a wave- 
guide for a linear accelerator (see Section 7) has been based upon 
a combination of the theoretical results of this Section and 
experimental data, neither of which by itself provides an entirely 
satisfactory solution. 


(5.1) Exact and Approximate Solutions of the Field Equations 


A formally accurate solution of the field equations is outlined 
in Section 12.1. This exact solution could in principle be used 


i— fn 
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Fig. 11.—Variation of group velocity for 


Xo = 0-1m 
e/eg = 95 
v=C 


to obtain numerical design data for a waveguide, but the com- 
putational effort involved would be prohibitive, and the exact 
solution is only of value as a basis for various approximations. 
Some of these approximations follow readily from the exact 
solution, and will only be briefly described when they are com- 
pared with experimental results in Section 6. One particular 


: approximation is of special interest, however, because it gives 
upper and lower limits to the correct solution; it is outlined in 


Section 12.2. 
The utility of any particular solution depends upon its accuracy 


« and the amount of labour involved in reaching a numerical result. 
_ Apart from that solution which gives upper and lower bounds, 
i it is difficult to assess the accuracy of the solutions except by 
< comparison with experiment, so this discussion is postponed until 


‘ Section 6. Further details of the theory and various approxima- 
{ tions not discussed in the paper can be found elsewhere.7>24 


‘ 


(5.2) Exact Solution when there is no Central Hole 


The exact solution is readily soluble in closed form when there 
is no central hole; details of this special solution are given in 
Section 12.3. This case is useful for studying the general effect 
of finite lamination thickness, and a numerical example will be 
auoted from which various conclusions can be drawn. 

An example for examination has been chosen with the following 
constants: €/€y = 99; Ag = 0-1m; 6 ~ So/87-5m. The radius 5 
is such that v = c when g = h — 0, the latter condition being 
équivalent to an anisotropic approximation in which x = 0°5. 
he disc thickness 2g and the spacing 2h will be varied. 

The cut-off characteristics are first considered, and Fig. 12 
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Fig. 12.—Example of waveguide with dielectric of finite thickness. 
e/eg = 99 
Ao = 0:1m 


b = (So/87-5)m 


shows the general behaviour. The pass band lies between the 
two contours v = 00, the long-wave cut-off, and that labelled 
m-mode cut-off; at any point on the latter the guide wavelength 
is 4(g + h). The whole diagram may be shown to repeat itself 
periodically for larger values of g, so that there exist other pass 
bands not shown on the diagram. The two cut-off contours 
approach a common asymptote as / is increased, defining a 
critical disc thickness, which will propagate whatever the disc 
separation. In addition, the diagram includes a contour of 
constant phase velocity, v = c, and (as a broken line) the same 
contour as predicted by the anisotropic theory. The anisotropic 
theory predicts a phase velocity in error by 10% when the disc 
thickness is about one-fifth of the wavelength in the disc material; 
for greater disc thicknesses the anisotropic theory could be grossly 
misleading. When the disc thickness is less than one-tenth of a 
wavelength in the disc material the anisotropic theory gives the 
phase velocity with an error of less than 1 %. 

The shunt impedance associated with Joule losses in the outer 
wall is considered next. Fig. 13 shows the relative value of this 
shunt impedance, 7,,,, as a function of /; the disc thickness, 2g, 
being varied in such a way that the phase velocity remains con- 
stant and equal to the velocity of light. It will be seen from 
Figs. 12 and 13 that disc thicknesses rather beyond the range of 
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Fig. 13.—Relative shunt impedance for the case of Fig. 12, v = c. 


accuracy of the anisotropic theory could be used without a 
serious reduction in shunt impedance; this, coupled with the 
practical desirability of using the thickest possible discs, also 
necessitates the use of a rather better theory than the aniso- 
tropic one. 

(5.3) Miscellaneous Considerations 


Certain other theoretical aspects of anisotropic-dielectric- 
loaded guides will be found treated in A.E.R.E. Reports but are 
not reproduced here. One of these is the question of waveguide 
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tolerances, both physical dimensions and changes of permittivity 
having to be considered in any practical design. Another point 
considered has been the choice of dimensions such that only one 
circularly symmetrical waveguide mode can be propagated, 
although little difficulty has been found in meeting this 
requirement. 


(6) PRELIMINARY EXPERIMENTAL WORK ON DIELECTRIC- 
LOADED WAVEGUIDES 

The experimental work on laminated-dielectric-loaded wave- 
guides to be described was directed towards the primary object 
of designing and manufacturing a short length of an electron 
accelerator, in order to investigate whether there was any funda- 
mental reason why dielectrics should not be used in this way. 
The first stage in this work was therefore the verification of the 
general properties of simple disc loading, in particular the varia- 
tion of phase velocity with thickness and spacing of the discs. 
For a very short accelerator the losses were regarded as 
unimportant. 

The choice of materials with sufficiently low loss was, for 
commercial reasons, restricted to magnesium titanate (€/e€) ~ 15) 
and titanium dioxide (e€/€g ~ 95). With the known values of 
power factor, titanium dioxide appeared to be more suitable for 
these initial experiments, using an air wavelength in the region 
of 10-0cm. 

The test equipment and the methods used to obtain the various 
characteristics were in general identical with those used in similar 
investigations for metal-loaded waveguides.25 

The experimental results were compared with various theo- 
retical approximations, which were designated in the following 
way. 

(a) Anisotropic theory (Section 3). 

(b) Discrete disc theory. This was based on accurate field 
matching on the transverse planes of the dielectric (Section 12.1), 
but anisotropic matching on the cylindrical surface p = a. 

(i) A first stage in a successive approximation towards this 
answer,’:24 chosen on a partly empirical basis. 

(ii) A true simultaneous solution of the two boundary 
conditions. 

(c) Successive approximations towards the exact theory of 
Section 12.1. 

(i) A first-order approximation obtained by considering only 
the first terms of the series representations of the waves in each 
region of the waveguide. 

(ii) Addition of a second term, with considerable numerical 
complication. Although the resulting difference was small it 
was not at all clear that convergence was rapid. 

(d) The variational method (Section 12.2), giving upper and 
lower limits to the true solution. 


(6.1) Propagation Characteristics and Cut-off Conditions 


The titanium-dioxide discs used in this series of experiments 
had holes of 1-0cm radius and were initially 5mm in thickness. 
On the basis of anisotropic theory the outer radius was chosen 
to be 3-015cm corresponding to <«/eg = 95 andx = 0°5. 

The discs were assembled in a split tube using three with- 
drawable pins to locate each disc until they were all secured by 
the clamping arrangement, as shown in Fig. 14. A series of 
locating holes, and holes to take measuring probes or loops, were 
made so that the pitch (and x) could be varied. 

The resulting curves of guide wavelength against air wavelength 
(Fig. 15) showed a considerable deviation from anisotropic 
theory, and, in fact, for k = 0-5 reliable measurements could 
not be obtained. The disc thickness was then reduced to 4mm, 
and the resulting wavelength curves (also shown in Fig. 15) were 
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Fig. 14.—Schematic of dielectric-loaded waveguide. 
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Fig. 15.—Wavelength characteristics for 4 and 5mm discs. 


vastly different. Early manufacturing difficulties limited the 


minimum thickness of disc to this figure of 4mm. 

The data so obtained were then used to check the validity of a 
discrete disc theory [method (6)(i)]. Since, in general, chief 
interest lies in phase velocities (v) closely approaching the velocity 


of light (c), a calculation of x to give v =c at Ay = 10-0cm 


was made for the 4mm discs. Fig. 16 shows curves of Apo, 
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Fig. 16.—Air wavelength giving phase velocity v = c. 
giving v = c for a range of x, together with the theoretical point. 
The range of possible numerical error shown for the theoretical 
point reflects the computational difficulties experienced at this 
early stage in the investigation. The observed error was of the 
order of 7% in « or 2% in Ap. 
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Since 5 mm discs were obviously giving a large deviation from 
janisotropic theory, confirmation of the discrete disc theory in 
tsuch an extreme case was most desirable. The long-wavelength 


The value of « giving maximum shunt impedance for discs 
with a 1 cm-radius hole at vy = c was used to fix the outer diameter, 
The variation of « then required to cover the range of velocities 


‘cut-off (which is easier to calculate) was computed for two values 
‘of dielectric constant and a range of values of k. One 7-mode 
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Fig. 17.—Cut-off wavelength for 5mm discs. 


cut-off was also computed. Fig. 17 shows good agreement within 
| tie experimental errors and in view of the uncertainty in the 
dielectric constant. 

The typical behaviour of the long-wavelength and z-mode 
cut-offs, together with the wavelength for v =c as the disc 
Spacing varies, is shown for the 4mm discs in Fig. 18. 


h,cm 
Fig. 18.—Pass bands for 4mm discs. 


(6.2) Variation of Phase Velocity 


It was believed that the major advantages of dielectric loading 
were restricted to machines with a final energy of at least 10 MeV. 
The region of acceleration from 0-4c almost up to c, is from 
many points of view more conveniently carried out with metal- 
Inaded waveguides. For this first machine, however, it was 
éecided to cover the whole velocity range with dielectric wave- 
yuide. Discrete disc theory [method (4)(i)] was used throughout, 
tie thickness of disc being fixed at 4mm, and the dielectric 
©onstant being taken as 100. 


from 0-4c to 1-0c is shown in Fig. 19. 
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Fig. 19.—Variation of « with phase velocity. 


Approximately 20cm of dielectric waveguide was constructed 
for each of six values of « chosen within the required range. 
The usual wavelength measurements were made. At the higher 
phase velocities smooth and regular sine waves were in general 
obtained. Occasionally a longer or shorter half-wavelength was 
observed which for a range of air wavelengths was always asso- 
ciated with a particular small number of discs. More serious 
than this, however, was an irregularity of both the amplitude and 
wavelength of the sine wave which occurred most noticeably at 
the lower phase velocities. The usual measuring instrument was 
a pick-up loop in a longitudinal plane responding to Hy. By 
rotating this loop into a transverse plane it was in general 
observed that a large H, component was associated with the 
very irregular patterns. By exploring the symmetry of the wave 
around the outer wall with the two orientations of the loop and 
also with a probe, it was established that the major trouble was 
due to one or more H modes not having circular symmetry. The 
roughly matched radio-frequency feeds which were used at this 
stage were of the same type as used for metal-loaded waveguides 
[Fig. 20(a)]. In the latter cases the particular waveguides 
normally used do not propagate an H mode, but this is unfor- 
tunately not the case for these dielectric waveguides. Although 
it was undoubtedly possible for the unwanted H mode to be 
generated at mechanical asymmetries in the dielectric waveguide, 
the majority appeared from its polarization to come from direct 
coupling with the Hy, mode in the rectangular waveguide. When 
the feed was increased in length by introducing a considerable 
length of coaxial line (below cut-off for waveguide modes) 
between the rectangular waveguide and the dielectric waveguide 
[Fig. 20(b)], a vast improvement was obtained. 

The final measured values of phase velocity are shown in 
Fig. 19. Although the difference between theoretical and experi- 
mental values was not large, the experimental curve was used 
in the design of the accelerator waveguide, first because the 
theoretical error was not one which could be removed by a change 
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Fig. 20.—Feeds for transforming from rectangular to dielectric 
waveguide. 


in working frequency, and secondly because the range of working 
frequency was strictly limited by the narrow frequency band of 
the magnetron. 

These measurements have recently been repeated with an 
entirely new set of discs which had been ground to closer toler- 
ances as follows: 


. PACH DA Ste PES, 0:767in. 

Outer diameter 2-373 Sin? inner diameter 9 769; 3 
: 0-149 in 
thickness 0-151in 


The measurements agreed closely with the previous experimental 
results. Errors in disc thickness and spacing were found to be 
of the right order to explain differences between the two sets of 
measurements and also to account for irregularities in measured 
wavelength at certain positions along the tubes. It was also 
found that, although the best mechanical tolerances were con- 
siderably wider than theoretical considerations showed to be 
tolerable, the errors averaged out very rapidly—within a few 
wavelengths. 


(6.3) Phase Velocity equal to the Velocity of Light 


For the case of v = c, more extensive calculations were made 
in order to check the value of « with various degrees of theoretical 
approximation over a range of dielectric constant. 

Table 1 shows the calculated results obtained from all these 
methods for the 4mm discs of titanium dioxide. 


Table 1 
VALUES OF K CALCULATED BY DIFFERENT METHODS 


Method of 


calculation eleo = 80 


€/eg = 90 €/éo = 100 


0-499 0-498 0-495 
0:3385 
0:°3155 
0-339 
0:3343 
0-357 


0-323 


0-388 0:365 


a 0-405 
(d) 0-374 


0-380 
0-347 


The experimental value was x = 0-335. 


Assuming the dielectric constant to be 100, it can only be 
definitely said that the experimental value of « lies well between 
the rigorous limits of method (d). Of the various degrees of 
approximation it is apparent that method (6)(i) is vastly superior 
to (a), and that the increased numerical effort involved in obtain- 
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ing further degrees of approximation cannot be justified with the i 
existing experimental limitations. : =| 
It was, however, established at a later date that the dielectric |) 
constant of the material at Ay = 10:0cm was in the region of | 
95 rather than 100. In this case the measured value of « would it 
appear to be near the lower limit of method (d), although errors — 
in disc thickness cannot be discounted and were, in fact, such as } 
to give an effectively larger dielectric constant. _ i 
Since the majority of high-energy electron accelerators will li 
operate very close to the velocity of light, there is no great hard- )» 
ship in having to check the phase velocity experimentally. The i 
various theories certainly give a starting-point vastly superior to f 
anisotropic theory, and in particular method (5)(ii) can be readily i 
applied to the calculation of all other characteristics of the wave- 
guide which are of importance in the acceleration of electrons. 


(6.4) Group Velocity 


t 

} 
From the change of guide wavelength with air wavelength the i 
group velocity was also obtained as a function of phase velocity. 
In some cases considerable curvature in the graphs of A, and Ag i 
made the estimation of dA,/dAg at Ay = 10-0cm subject to rather © 
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Fig. 21.—Variation of group velocity with phase velocity. 


wide tolerances. Fig. 21 clearly shows how rapidly the group 
velocity falls as the phase velocity is decreased by changing the 
pitch. 


(6.5) Measurement of Dielectric Properties 


Although the losses in the very short section of linear acce~ 
lerator which was to be constructed were relatively unimportant, 
a separate investigation was commenced to measure the Q-factor — 
and dielectric constant of ceramic materials in order to assess 
their suitability for longer and more efficient accelerators. 

Interest was centred upon titanium-dioxide ceramics manu- 
factured by various processes and containing small amounts of 
additional compounds. A rather difficult problem arose in — 
measuring the properties of those materials possessing high 
dielectric constants and Q-factors, and special techniques26 had 
to be developed. A satisfactory solution was eventually reached. 

It was soon found easy to obtain materials with a Q-factor in — 
the region of 2000-3000 and a dielectric constant of the order 
of 90, the latter being measurable with great precision. From 
Fig. 6 it can be seen that such a specification is entirely adequate 
for the kind of dielectric waveguides described in the paper, and | 
the remarks in this Section have therefore been kept brief. The — 
work of developing and measuring titanium dioxide was, how- 
ever, pursued for some time in order to find a material which 
would allow further advances to be made with more complex 
waveguide structures.!7_ Eventually samples of titanium dioxide 
were obtained with Q-factors regularly exceeding 8000 and 
sometimes by considerable margins. Such a material should be 
suitable for high-shunt-impedance waveguides of the more 
complex design, although little benefit results from its use in the 
simpler design of waveguide (see Fig. 6). 
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(7) DESIGN OF AN EXPERIMENTAL DIELECTRIC- 
LOADED LINEAR ACCELERATOR 

The results recorded in Section 6 suggest how a dielectric-disc- 
loaded waveguide may be designed for use in an actual accele- 
rator. The design of such a waveguide requires a knowledge of 
the accelerating field, and the phase velocity has to vary con- 
tinuously along the waveguide. This Section describes first the 
design of the waveguide for a linear accelerator and afterwards 
the other main features of the complete accelerator which was 
constructed. 


(7.1) Waveguide with Varying Phase Velocity 


The accelerating field as a function of phase velocity was 
calculated by means of the discrete disc theory, and was checked 


_ experimentally for a phase velocity close to c by perturbation of 
a resonator.78 The resonator was 10:107cm in length and 
_ contained nine discs with x = 0-339. From previous measure- 


ments of wavelength in a longer length of waveguide the resonant 
wavelength (for A, = 10-107cm) should have been between the 
limits Ap = 10-029 and 10-045cm, and it was fouhd to be 
10-040cm. The change in resonant frequency as a metallic 
piston of 2cm diameter was moved into the resonator along the 
axis was measured by a beat-frequency technique with cathode- 
ray-tube presentation.2? In this way changes in. frequency of 
the order of 150 kc/s could be accurately measured corresponding 
to a piston projection of only 0:002cm. From the previously 
measured value of the group velocity the accelerating field for a 
power flux of 1 MW was found to be 2:61 MV/m.°° 
The theoretical values obtained by method (6)(ii) were: 

forvjc = 1-0. 

Peak accelerating field for 1 MW input = 2:579 MV/m 
For v/c = 0°8. 

Peak accelerating field for 1 MW input = 2:004MV/m 


For v/c = 0-6. 


Peak accelerating field for 1 MW input = 1-404 MV/m 


With this information about phase velocity and accelerating field 
the design of the actual waveguide for the accelerator was 
obtained by the following procedure. The phase of the stable 
electron relative to zero field was made to vary linearly with energy 
from 45° at 50keV to 55° at 1 MeV. For the remainder of the 
accelerator the phase was maintained at 55° and the electron 
velocity was taken to be the same as the phase velocity. The 
effective accelerating field as a function of electron energy was 
then calculated. By numerical integration the electron velocity 
was obtained as a function of distance. Since the phase of the 
stable electron relative to zero field was known, it could be 
inserted into the equation of motion of the electron to obtain the 
wave velocity as a function of distance. 

It was arranged that the value of the pitch d corresponding to 
the centre of a disc should hold for a distance d/2 on either side 
of the centre, and from the known variation of « with phase 
velocity, and hence with distance, the positions of the disc centres 
were determined.*! 32 

The original method of construction and assembly was retained, 
and about 80cm of waveguide was made up. Phase change along 
the waveguide was measured by the usual technique of plotting 
standing waves in the short-circuited waveguide. Although they 
showed irregularities in amplitude and wavelength which com- 
pared unfavourably with similar curves for metal-loaded wave- 
guides,?5 there was no difficulty in obtaining curves of phase 
against distance. With the improved grinding tolerances which 
aave subsequently been obtained, and with methods of con- 
struction which would be justified for a larger and less experi- 
nental project, it should be possible to approach the consistency 
of metal-loaded waveguides. 
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For a wavelength in air of 10:00cm the observed phase error 
was 0-87 in 227 (a length of 85cm). Since this phase error was 
mainly cumulative along the whole length, it was readily corrected 
by a change in operating wavelength. For Xo = 10:03cm the 
phase error was reduced to 0-157 (27°). This was considered to 
be satisfactory, especially in view of the fact derived from previous 
accelerator experience that, in the region of 0-5c, phase error is 
of less importance because of the greater mobility of the electrons 
compared with that in the high-velocity region. Fig. 22 shows 
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Fig. 22.—Phase-distance curve for dielectric accelerator. 


in full line the theoretical law of phase against distance. The 
points show the measured values of phase. Ifthe arbitrary phase 
is adjusted so that theory and experiment coincide at a distance 
in the region of 15cm rather than at the first measured point, 
the phase error will be 0-157 at the first measured point and zero 
at 1555s) /S:anGis. cm: 


(7.2) Waveguide Feeds 


The standing-wave pattern in the dielectric-loaded waveguide 
was first of all examined when either end was terminated with a 
long wooden dummy load. At some places standing-wave ratios 
of the order of 0-75 were obtained. This was evidently due to 
the same kind of irregularities which had tended to distort the 
standing-wave patterns when wavelength measurements were 
being made. This order of standing wave was regarded as 
unlikely to affect appreciably the operation of the waveguide as 
an accelerator. It did, however, complicate the problem of 
feeding. 

The inadequacy of the type of feed from rectangular to cor+ 
rugated waveguide used for metal-loaded waveguides had already 
been demonstrated by the occurrence of asymmetrical modes in 
the dielectric waveguide. It was further demonstrated by the 
extremely critical adjustment of the variables required to provide 
a match when the dimensions of annular gap or coaxial line were 
of the same order as previously used. Moreover, a good match 
could often be obtained whilst a negligible quantity of power was 
coupled into the dielectric waveguide, and the majority of the 
power was then very effectively dissipated in the metal and joints 
of the feed. 

In the early days of metallic corrugated waveguides, consider- 
able success was achieved in designing theoretically a coaxial-line 
feed.25 The procedure was so to adjust the inner and outer 
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radii of the coaxial line that the magnetic field at the mean radius 
matched the magnetic field at the same mean radius in the 
corrugated waveguide (for the same power flux through the 
coaxial line and through the corrugated guide). This method 
was applied to the dielectric waveguide, with the added require- 
ment that the whole or a considerable proportion of the length of 
coaxial line between the rectangular waveguide and the corrugated 
guide should not support waveguide modes. 

The magnetic field H, was calculated for both ends of the 
corrugated waveguide. Fig. 23 shows the fields in the axial 
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Fig. 23.—Magnetic fields in dielectric waveguide. 


At input end. 
—--- At output end. 
Power flux, 10° watts. 


region, at the centre of the air-gap and at the centre of a disc, 
for a power flux of 1 MW. The dielectric waveguide, which has 
everywhere a radial component of E, was, from the point of view 
of this type of feed, obviously considerably different from the 
metal-loaded waveguide which has no £, component inside the 
corrugations. Nevertheless, even a rough match obtained by 
theoretical means was regarded as a desirable first approximation. 
Since the waveguide was intended to be terminated in a half-gap 
(rather than a half-disc), the value of H, at the centre of the gap 
was used to obtain the permissible inner and outer radii of the 
coaxial feed as a function of mean radius. It was immediately 
obvious that with feeds of the order of mean radius used for 
metal waveguides the impedance of the coaxial line would have 
had to be of the order of 200 ohms, with an inner conductor not 
only too small for an injection hole but almost too small to 
manufacture. It was also clear that at the all-important input 
end any suitable choice of mean radius would yield a coaxial line 
capable of propagating an H,, waveguide mode. Fig. 24 shows 
the final design of feed in schematic form which overcame this 
difficulty. The rectangular waveguide was changed by a con- 
ventional door-knob transformer to a 40-ohm coaxial line which 
could not propagate a waveguide mode. The coaxial line was 
then tapered up to the chosen size of coaxial line for the annular 
gap, having mean radii 2-25cm for the input end (14-5 ohms) 
and 1-5cm for the output end (17-4 ohms). 

Standing-wave measurements were made in the dielectric wave- 
guide terminated by the appropriate feed. In each case standing- 
wave ratios of the order of 0:3-0:4 were obtained. Fortunately, 
however, the phase was in both cases almost exactly opposite to 
that obtained when the feed was replaced with a short-circuit. 
This indicated that in order to obtain a match an appropriate 
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Fig. 24.—Final feed. 
reduction in impedance of the coaxial line was all that was 
required, and this was in rough agreement with previous thoughts 


that the values of H, for the dielectric guide used in the calcula- 
tions should have been doubled. With corrected feeds and, asa 


variable, a very small axial displacement of the coaxial inner 


with respect to the outer, standing-wave ratios of about 0-8 were 


obtained for each feed. Further matching of the individual feeds — 


was pointless in view of the irregularities in the dielectric wave- 
guide itself. In order to shorten the feeds, the transformation 
from the 40-ohm coaxial line to the coaxial gap was eventually 
carried out by quarter-wavelength transformers. With the same 
essential dimensions of feeds, it was then found that after a small 
adjustment of the coaxial inner of the input feed the overall 


standing-wave ratio for the complete accelerator had a peak of — 


0:95 at a frequency of 2981 Mc/s (corresponding to the chosen 


operating wavelength of 10-03cm), and was maintained above 


0:7 over a band of +3Mc/s. This bandwidth was more than 
sufficient to explore the working range of the accelerator. 

Under these conditions the overall loss in the accelerator was 
found by a variety of methods to be about 2dB. Such a loss 
was of little importance to the design and operation of this 
accelerator. 


(7.3) General Construction of the Dielectric Loaded Accelerator 


The remaining features of the machine closely followed the 
pattern of previous machines.!,33 The radio-frequency circuit 


———— 


contained, in sequence, a magnetron capable of providing up to — 


2 MW peak power; a length of rectangular waveguide containing 
a phase shifter and probe to pull the magnetron frequency, a 
wavemeter pick-up point and a double-thermocouple power 
monitor; the dielectric waveguide with connections to rectangular 
waveguide at each end; and finally a length of rectangular wave- 
guide, also with a power monitor and a pick-up point, which 
was terminated with a glass-tube type of water load and calori- 


meter. The whole of the r.f. system was evacuated by a four- 


inch oil diffusion pump attached to the envelope surrounding the 
dielectric waveguide. 
To avoid straining the dielectric guide, it was hung from 
several points on a single metal rail inside the vacuum envelope, 
whilst the rail itself was very rigidly attached, not to the vacuum 
envelope, but to an external bridge system via Wilson seals. 
The important design features were as follows: 


Peak r.f. power, 1 MW. 


Pulse length applied to the magnetron and the electron gun, 
2 microsec. 
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Pulse repetition rate, 50-500 pulses/sec. (Normal running figure, 
50 pulses/sec.) 

Electron velocity, 0-4c at input, 0-966c at output. 

Electron energy, 45 keV at input, 1-48 MeV at output. 


Along the whole length of the accelerator a graded axial 


' magnetic field was applied, whilst the gun was screened by plates 


1 


4 


: 
‘ 


‘ 
( 
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of soft-iron and steel. The whole machine was installed in a 


- concrete shelter with fully remote control and observation. 


A variety of remotely controlled targets could be propelled to 
coyer the thin aluminium window closing the output end of the 
machine, for example: 

(a) A fluorescent screen observable by a periscope system with 
metallic mirrors. It had previously been found that the output of a 
linear accelerator was sufficient to make any glass within several 
metres of its output end quite opaque in a very short period. 

(6) A lead X-ray target, with water cooling to prevent it from 
melting. ; r 

(c) A water calorimeter of depth and diameter sufficient to absorb 
the whole of the electron beam, together with a continuous-flow 
water system with calibrating heater. 

This equipment, together with the usual ionization chambers 
and photographic films and paper, was used to monitor the 
output of the machine and to observe the effects of all the 
variables. 


(8) PERFORMANCE OF THE ACCELERATOR 
The early measurements on the accelerator were mainly con- 


_.verned with collecting data on the performance of the machine, 


particularly beam current, X-ray output and electron energy. 

As with all other linear accelerators, a small output was 
observed as soon as the r.f. power was raised for the first time 
to the design figure, without any electrons being injected. With 
the gun operating, an X-ray yield of 0:2 rontgen/min at 1m was 
obtained at the first attempt. This was eventually raised to 
0:S5r/min and could be increased to 0-75 r/min by increasing the 
r.f. power. 

The electron energy was estimated from Van de Graaff’s X-ray 


_ conversion figures4 and from the power in the beam measured 


| 


i 


by the water calorimeter. Early measurements indicated an 
energy of the order of 1-5 MeV. ; 

Almost from the first, the r.f. attenuation at a power level of 
1 MW, as indicated by the power monitors, was in the region 
of 8-10 dB, but this was not regarded as very serious at the time, 
because the low-power measurements were satisfactory and high 


_ attenuation had always been observed on previous accelerators 


during an ageing period. 
The output beam was observed by several methods and was 
found to be about 1cm in diameter and defined by the hole in 


the output feed. Readjustment of focusing and deflector coils 


did not indicate any large improvement, so that it seemed likely 


that a considerable amount of the beam was being intercepted by 


the feed. 


In view of the very large attenuation, it was possible 


to remove the centre of the output feed so as to have a much 


larger exit for the beam without appreciably affecting the per- 
formance of the accelerator. The machine was then, from an 
r.f. point of view, effectively short-circuited at the output end. 
It was possible to raise the X-ray yield with ease to 2:0r/min 
at 1m, with a measured power in the beam of 18 watts. This 
gives a yield per watt of 0-11r/min, roughly corresponding to 
an energy of 1-4MeV. The power lost to the calorimeter by 
conversion to X-rays in the water is very small, and, taking all 
Zoubtful factors into account, the energy could be fairly reliably 
slaced at not less than 1:3 MeV. The current during the pulse 
was therefore of the order of 14mA with about 10% of the r-f. 
power appearing in the electron beam. It was also found that 
“he focusing could be improved to obtain a more distinct spot 
‘ess than 1 cm in diameter, but it was somewhat off the axis. 
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From these results it was apparent that the accelerator func- 
tioned according to the predicted theory with the exception of 
the anomalous attenuation at high power. The acceleration of 
particles was therefore abandoned in order to investigate this 
phenomenon. 


(8.1) Investigation of Anomalous Attenuation 


It soon became apparent that the excessive attenuation of the 
accelerator found at high r.f. power was not decreased by ageing 
but remained abnormally high. At this and several later stages, 
a series of increasingly accurate measurements were made of both 
the high- and low-power attenuation, which only served to 
confirm the nature of the phenomenon. 

The first step taken was to remove the dielectric waveguide 
from the vacuum envelope and make a visual examination. There 
was a general brown discoloration of the discs, indications of 
sparking at some of the joints and sooty deposit on the first two 
or three discs. Similar markings have always been observed in 
metal-loaded waveguides. The low-power attenuation was, how- 
ever, found to be quite unaffected even in the first 20cm section 
which contained the sooty deposit. The accelerator was then 
reassembled and the attenuation measurements were repeated, 
but over a wider frequency range than before. 

It was next decided to investigate the variation of attenuation 
with r.f. power level where anomalous attenuation was occurring 
—there was, of course, no variation with power at the level of a 
few milliwatts, where the low-power measurements were made. 
Water attenuators were fitted in the rectangular waveguide 
between the magnetron and the input feed so that the minimum 
power from the magnetron of about 0:-4MW could be reduced 
by a total attenuation of about 18dB. Measurements of output 
power were made for a very wide range of input power. There 
was, of course, considerable difficulty in trying to maintain 
identical conditions (e.g. magnetron frequency) and in ensuring 
continuity of power-measuring instruments as the input power 
was varied over so wide arange. Fig. 25 shows the general type 
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Fig. 25.—High-power attenuation. 


of curve obtained. A non-linear dielectric loss or loss due to 
r.f. breakdown is almost certainly ruled out by the obvious fall 
in attenuation as the input power was increased. 

A rather lengthy series of tests35 was next undertaken with the 
object of determining the fundamental cause of the attenuation. 

The pulse repetition rate was varied in order to change the 
mean power. No change of attenuation was observed, and it 
was concluded that any phenomena associated with the heating 
effect of the radio frequency could be eliminated. 

The axial focusing field was varied in intensity, also without 
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change in the attenuation provided that a steady state of vacuum 
pressure had been reached. This result eliminated the anomalous 
attenuation phenomena*®:37 experienced with metal waveguides 
from being a major cause of the trouble. 

The first important pointer to the cause was obtained by varying 
the pressure in the system. Over the range from a good vacuum 
of the order 10-20 millimicronsHg to backing pressure, no 
variation in attenuation was observed, but at input powers 
sufficiently low to exclude r.f. breakdown the vacuum was let 
down to atmospheric pressure and about 6-10dB attenuation 
disappeared. Any effect due to the change in pressure on the r.f. 
joints was ruled out by low-power measurements with and without 
the vacuum. From this evidence the phenomenon appeared to 
be due to charged particles which were assumed to be electrons. 
In the case of ions some variation with pressure in the range 
between backing pressure and high vacuum would have been 
observed. 

Efforts to isolate the precise region where the extra loss occurred 
were not entirely conclusive, but two different methods indicated 
a loss of about 3dB distributed along most of the dielectric- 
loaded waveguide and about 3 dB either in or very close to the 
output feed. 

A liquid-nitrogen cold trap was added to the cold water trap 
used in all the preceding experiments. No noticeable change in 
the attenuation occurred during running for some hundreds of 
hours. 

Consideration of all the experimental results considerably 
narrowed the range of phenomena which could have caused the 
anomalous attenuation. The probable causes were, and still are, 
thought to be either primary field emission or a secondary- 
emission resonance phenomenon?? known as ‘multipactor effect’. 

Although there is no precise evidence for ruling out the 
possibility of primary field emission or some obscure breakdown 
phenomenon being responsible for the increased attenuation, it 
has been shown?® that the experimental evidence could be 
explained satisfactorily in terms of the multipactor effect. 


(8.2) Elimination of Anomalous Attenuation 


The multipactor effect has been stated to be the cause of 
several anomalous r.f. conditions in various high-voltage devices 
both in England and the United States, and it has been claimed 
in some cases that an improvement has resulted when the systems 
have been evacuated by means of mercury pumps instead of oil 
pumps. On this evidence it was decided to substitute a mercury 
diffusion pump and liquid-nitrogen trap for the oil pump. 

The dielectric discs were again removed from the accelerator 
and showed all the usual colour effects and carbon deposits 
associated with an oil-diffusion pump system, together with a 
distinct brown discoloration, which was more or less uniformly 
distributed over the discs but ceased abruptly within a few milli- 
metres of the outside wall. This latter effect has also been 
observed in metal-loaded waveguides, and it is significant that 
the electric field at this quite distinct radius gives a theoretical 
threshold for the multipactor effect corresponding to a primary 
electron energy of 100-150 eV, as would be expected from the 
known secondary-emission data. 

In order to eliminate all traces of oil vapour, the accelerator 
was completely degreased, a new set of discs was inserted, and a 
mercury pump system with a liquid-nitrogen trap fitted. It was 
obvious from the beginning that the attenuation measured at high 
power was now of the same order as the low-power measurements. 
Careful measurements of attenuation by several independent 
methods?! at both low and high power were instituted in order 
to estimate with certainty the full extent of the improvement. 
Agreement was found between the low- and high-power attenua- 
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tion figures over the frequency range of measurement within | dB, 
which was within the errors of the measurements. 

As a further check, the r.f. output was monitored while air 
was admitted to the vacuum enclosure. This time no observable 
change in the output pulse was observable, which appeared to be 
quite conclusive evidence that there was now extremely little 
anomalous attenuation. 

The final experiment was intended to confirm that the 
anomalous attenuation had indeed been associated with oil 
vapour and not with any of the other changes which had been 
made to the accelerator. The oil diffusion pump was refitted to 
the accelerator but with the addition of a liquid-nitrogen trap, 
which might have been expected to exclude most of the oil vapour. 
Initial tests still showed no anomalous attenuation, but after 
about 100h running it was apparent that the loss had once 
again returned to its high value of 9-10dB. There now seemed 
little doubt that the attenuation was associated with oil vapour, 


and that the liquid-nitrogen trap used had failed to exclude the — 


vapour although it had delayed the onset of trouble. 


(9) CONCLUSIONS 
It has been shown that, by a combination of theoretical and 
experimental methods, waveguides loaded with a series of 
dielectric discs can be designed with characteristics suitable for 
use in linear electron accelerators. It has also been shown that 


a short linear accelerator incorporating this kind of waveguide — 


functioned in accordance with expectations provided the vacuum 
was obtained with a mercury-diffusion pump and not with an 
oil-diffusion pump. In particular, measurements of electron 
energies showed that the electric field in the waveguide agreed 
with the theoretical value within the experimental errors; similar 
agreement in the case of the attenuation showed that the 
theoretical shunt impedance was also being realized within the 
experimental errors. Excessive attenuation was experienced 
when an oil pump was used, which there were good grounds for 
ascribing to a secondary-emission effect. Whilst there may be 
means of avoiding the excess attenuation other than the use of 
a mercury pump, this provided a means of making a practical 
and satisfactory linear accelerator. 

It is concluded that dielectric-loaded linear accelerators could 
now be developed on a larger scale with a reasonable expectation 
of success, provided the precautions mentioned are taken. The 
simple dielectric-disc-loaded waveguide has been shown to have 
a theoretical shunt impedance which may be about twice that of 
conventional all-metal corrugated waveguides; it is also believed 
to possess practical and economic advantages. The metal 
portion is essentially a circular tube which only requires accurate 
machining of its bore. The dielectric discs may be of a low-loss 
ceramic which can be economically obtained ground true to size; 
small changes of phase velocity are obtainable by changing the 
spacing between discs. 

Long-term prospects opened up by this work are the possible 
development of more complex forms of dielectric-loaded wave- 
guides which offer theoretical shunt impedances of an order of 
magnitude greater than conventional all-metal waveguides. 
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(12) APPENDICES 
(12.1) Exact Solution of Field Equations 


An exact formal solution of the field equations which can be 
used as a basis for various approximations is outlined in this 
Section. 

One periodic length of the waveguide to be analysed is shown in 
Fig. 26. As in the well-known case of all-metal waveguides, it is 
convenient to separate the guide into an axial region, p < 4, and 
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Fig. 26.—One section of waveguide shown in Fig. 2. 


an outer region,a< p< b. Sets of field functions with unknown 
coefficients are written for each region separately and the 
solution of the problem occurs when the fields in each region 
obey the proper matching conditions at the boundary between 
the regions, namely p = a. 

The fields in the axial region, because of the periodicity of the 
structure, are obtained from a summation of harmonic waves, of 
which the mth component is given by 


To(XmP) 


E, = Cy Te(x,,a) °°? 782) 
E, = ee ae exp (— jBynZ) (18) 
Zty = CofE WP ey 
where X2, = B2, — k* 7 Ae 


Bm = Bo + mmf(g + h) 


In the outer region a certain amount of complication arises 
because separate expressions are required for the fields in the 
dielectric and empty portions, which must be matched across the 
faces of the dielectric. Because of the periodicity of the structure 
these fields will consist of harmonic components each having a 
constant phase-change 2® per periodic interval plus an integral 
multiple of 277. For the guide dimensions appropriate to the 
present application the fundamental has a real component of the 
phase constant in the radial direction, while the higher com- 
ponents fall off in exponential fashion as they penetrate the 
empty spaces, in a manner similar to that found in all-metal 
corrugated waveguides. 

In the empty part of the region, B-—C, (Fig. 26), the mth 
harmonic wave is 


E, = B,€/® cosh (7,2 — j0,,)Fo(1",p) 


E, = — Belo sinh (7,,z — 6,,)F\(1,,p) (20) 


SSK 
ZoH,:= jB,ei0— cosh (7,z — j0,)F,(I,,p) 
n 


where { 


[2 = 72 + k? 


B,, and 6@,, are constants 
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and Fo and F, are defined by 

Fo(Ip) = Yo(Pb)Jo(Tp) — Jo) ¥o(T'p) 
F,(Tp) = YoCPo)Ji(Pp) — Jor) ¥i(L'p) 
or 

Fo(Pp) = Ko(Td)lo(Ip) — I(T) Ko(T'p) 
F\(Pp) = Ko(Pd)L,(Pp) + To()Ki (1p) 


prot 7g +A >0 . Om 


In eqn. (20) the origin of co-ordinates has been taken at the 


differ only by a constant phase difference 20. 
In a similar way the sth components of the fields in the 
dielectric-filled part of the region are 


i 
centre of the air-gap; the fields in region C,-D will therefore i 
; 
{ 


E, > C, cos (yx Ae ir )Fo(T'sp) 


= Or sin (y,x + jrF\(I'sp) , . CZ 


k : 
ZoHy = JOR - cos (y,x + Jr, F\(T,p) 
s <0 


where SS y2 (24) 


€0 


for 72 4+k2<0 . (22) [i 


—--——__- 


hr 


| 
i 


It should be noted that, in order that all component waves— 
should match over their common interface, the radial phase ~ 
coefficient I’, is identical inside the dielectric and inside the — 
air-gap. 

There are now a number of relations between the parameters 
of the above equations which can be obtained from matching 
E, and Hg at the dielectric interface. 

For continuity of E, at C, we have (suppressing subscripts) 


Bea sinh (th + j0) = Csin(yg + jr). . (25) 
and from Hy 
Beto cosh (th + j0) = Ccos(yg +Jr). . (26) 
Leading to the equation 
aie , P 3 
aT tanh (th + j@) = tan (yg + jr). (27) 
0 


“Matching at C, leads to a similar set of equations with / 
replaced by —j. 

From this relation we obtain a set of equations for ®, 0, r- 
and B/C which are sufficient to determine the forms of each — 
harmonic component provided the guide geometry and the radial 
phase coefficient [is known. The latter can, of course, only be 
determined by a consideration of the matching conditions at 
p = a which is discussed later. 

Treating eqns. (25) and (26) and their complex conjugates as 
a set of homogeneous linear equations in Bcosh 6, B sinh 6, 
Ccosr, C sin r, we obtain by elimination 


cos 20 = cosh 2th cos 2yg + 4( an re) sinh 2th sin 2yg 


ae 
(28) 


Thus, if I‘ and the dimensions A, g and ¢ are known, this 
equation determines the phase constant ®. For the zero-hole 
case I" is given by the simple condition Jo([b) = 0, where b is the 
guide radius. 
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By separating eqn. (27) into real and imaginary parts and 
putting them in terms of the double angles we get the two 
equations 

sin2yg _ sinh2r__ te cos 2yg + cosh 2r 


sinh 27h sin2@ ~—‘yeg cos 29 + cosh 2th 


(29) 


The remaining relations required for a detailed knowledge of 
the field distribution can then be obtained by straightforward 
algebra, namely 


r—1 2t 
cos 20-== ai cosh 2th + Bel cot 2yg sinh 2th . (30) 

Peters ar t 
cosh 2r = tap cos 2yg + eam coth 27h sin 2yg . (31) 
(2)- __ T€q sin 20 39 
c ye sinh 2r ° o2) 

where t= Pap? _kR 2 R28 2 
= —, 7 =? — Kandy? =k? —T (33) 

Ae Zi) 


In principle the remainder of the analysis involving matching 
of the two sets of field equations at p = a could be carried out. 
. Because of the excessive labour in any numerical work involving 
more than one harmonic in the outer region, the result would 
only have formal significance and the details are not reproduced 
' sere. For further details the reader is referred to another 
- report.24 For the remainder of the paper attention is restricted 
*9 approximate solutions which involve only one harmonic in 
the outer region and are not too complicated for numerical 
solution. 


(12.2) Variational Method of Approximation 


There are several methods of obtaining an approximate match 
for the fields at their common interface p = a, but Chu and 
Hansen? have shown that solutions which give upper and lower 
limits can be found by a variational procedure. They show 
that if an assumed distribution of field is chosen for E, (or H) 
at p = a, this will in general lead to a mismatch in Hy (or E,), 
and the required equation is found by equating the resulting 
mismatch in the Poynting vector [ E,dH,ds (or { H,SE,ds) to 
zero. 

In the present application the complexity of the series solution 
in the outer region leads to excessive computational effort to 
obtain these limiting solutions unless the assumed field distribu- 
tion for E, (or Hj) is taken to be equal to that of the lowest 
term. By Fourier analysis of the assumed distribution a series 
representation of the field in the axial region can be obtained 
and thus the mismatch in the integrated Poynting vector can be 
evaluated in the following manner. 

For the trial functions of E, we use 


= e0 cosh Gz — j0) —@+h<2<—h 


G ; 
B cos (yx + jr) |z| <h (84) 
= ¢—Je cosh(7z — j0#) h<z<(g+A) 
We have to form the misrnatch in the integrated Poynting 
vector and equate this to zero. For the outer region the magnetic 
field is given by eqn. (23) and hence, integrating over a periodic 


interval, 


_ jk F\(La) ERG | 
{ E,Hgle == els i 3) =2 (35) 


pas +(- sinh 27h ++ 2h cos 26) (36) 


with 
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Q= He sin 2yg + 2g cosh 2r) (37) 


In the axial region we have first to find the Fourier coefficients 


of eqn. (20) using eqn. (34) as the trial function. Thus 
C, = J E,e/ndz (38) 
where the integration is taken over a periodic interval. Hence 


Hy can be represented by eqns. (20) with C,,, as above. Multi- 
plying by eqn. (34) to form the Poynting vector and integrating 
over a periodic interval gives 


ke WE MACE AA ear 
Yh, E Ce —— m IBmZ 
0 | 22 i e 1X, dz (39) 
M SAT LON) ee 
25 Xp Toy 
where Cs is the complex conjugate of C,,,, and is given by 
= Ga 
Ge = (Es == Tie + Bo lam (41) 
with 
2 : F 
Bea @ eDie sin (6 + «) sin B,,,h cosh th 
+ cos (8 + a)cos B,,,A sinh th (42) 
Ty, = 0-7 SIG, + Ye), 4 O(n = YE) (43) 
Bm ae of (oye ina) 
tan« = B.,,/7 and ByD = 20 (44) 


Equating eqn. (35) to eqn. (40) gives the necessary dispersion 
relationship. 


C2 F(a 
E + (3) <o| TF ora) 


ort Cc 


2 I 1 (X,,@ 
X,To(X,A) 


By using eqns. (20) and (23) as magnetic trial functions a 
similar equation is obtained 


Cy\? e€ |TFo(Ta) 
E ah & £9| F,(Ta) 
e B XmbioXm@ 


—_ Sage S TAT ale 
i p( Tim € Ce Tam L(X,@ 
These two equations provide upper and lower limits for the 
required solution. , 

In solving the above equations numerically the guide geometry 
and the frequency are usually known and the phase constant of 
the guide is required, or alternatively the phase constant is known 
and it is required to determine the disc spacing. Note that 
eqns. (28) and (45) or (46) are simultaneous equations in [. 
One method of solution is to choose I’ arbitrarily, to solve the 
pair of equations separately for the unknown and to plot their 
solutions as a function of I’. Their simultaneous solution is 
given where the two curves intersect. 


(45) 


(46) 


(12.3) Exact Solution of Waveguide without a Central Hole 


When there is no central hole a simple exact solution follows 
from the general case in Section 12.1. 

The only fields to be considered are those in what was formerly 
called the outer region. The boundary conditions are satisfied 
by taking the lowest-order space harmonic only, and the F 
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functions become the first kind of Bessel, or J, functions only. 
Thus the boundary condition on the outer wall defines Le 
through the equation Jp(I’b) = 0, and the solution of the problem 
is given by eqns. (20) to (33). 

Given a simple solution to the field equations it is easy to 
calculate those derived properties of the waveguide relevant to 
linear accelerators. 

The phase velocity of the wave is given by 


27 (g + h) 
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The power flux may be obtained by integrating the Poynting 
vector over any convenient cross-section, such as B or C, and is 
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The Joule loss due to currents in the outer wall is again 
obtained by integrating H? over the walls. Let 


Pq = power loss per section in empty part of guide. 
Pg = power loss per section in dielectric filled part of guide. 


Then 
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i (49) 
Pa = M(- sinh 2th + 2h cos 26) 
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The Joule loss per unit length is therefore 


Poy = (Pa + Pal2(g + h) 
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Dr. G. B. Walker: This is, in fact, the first anisotropic dielectric- 
loaded linear accelerator to be constructed, and it reflects great 
credit on the team who designed and built it. The work was 
completed four years ago, and although parts have been 
described in A.E.R.E. Reports, these are not always easy to 
obtain and it has been difficult to piece together the full story. 
Even the present paper, excellent though it is, does not discuss 
the important work done by the authors on the use of anisotropic 
layers of different permittivities which offer considerable advan- 
tages over the simple anisotropic loading. 

The authors show that the greatest advantage is to be gained if 
the ratio of the permittivities of the anisotropic dielectric in the 
axial and radial directions is as small as possible. I think it can 
be proved that their method of obtaining anisotropy, namely by 
the use of discs separated by air-spaces, makes the best possible 
use of any particular material. For the axial electric-field com- 
ponent, the contribution to the stored energy density is greater 
in the air-space than in the dielectric material, whereas the 
reverse is true for the radial component. The presence of the 
dielectric thus gives a smaller increase over the free-space per- 
mittivity for axial than for radial fields. By considering boundary 
conditions it can be seen that the axial field strength in the 
dielectric is reduced by the greatest possible amount, namely by 
the relative permittivity of the medium, whereas the radial field 
strength is the same in the dielectric medium as in the air. Thus 
the two cases give extreme values. 

Owing to the large number of factors involved, it is difficult to 
make comparisons between different systems of loading. It is 


The accelerating field does not vary harmonically with distance 
along the axis, so it must be obtained by integrating the field | i 
acting on an electron, assumed to have a velocity equal to that of » 
light, and averaging over a section. Let 


Real part of W, = Energy gained per electron per section in 
empty part of waveguide, 1} 
Real part of W, = Energy gained per electron per section in 
dielectric part of waveguide, 


and let the electron position be given by Z = ct + Z,, where W, is 
and W, are in electron-volts. 
It can then be shown that 
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The energy gained is identical with that which would be gained 9 
in a harmonically varying wave, or space harmonic, of ampli- 1 
tude E, where ; 


E=|W,+WJ|RetD. . . . CDG 


The shunt impedance of the waveguide associated with copper 
losses is then given as before by E?/p.,. The dielectric losses 
and group velocity may also be calculated exactly from the 
results of this and the preceding Sections of the paper if so 
desired. 


quite certain, however, that simple anisotropic loading is con- 4% 
siderably better than loading by a solid dielectric tube, since, in 
the latter, both wall and dielectric losses are greater. A com- 
parison with conventional metal-disc loading is less clear, and it 
is unfortunate that the authors do not give a measured value for - 
the shunt impedance of their structure. 

Some doubts may be entertained with regard to the stability 
and general behaviour of dielectric materials for this type of } 
machine. Following on the work of the authors, cavities have 
been operated at Queen Mary College in which discs of titania 
have been subjected to higher fields and greater electron bombard- 
ment than in the work described in this paper. In the main, 
encouraging results have been obtained, and no serious troubles 
have been experienced, except in cases where oil vapour has been 
present in the system. 

Although there are certain practical difficulties and limitations 
in operating a simple system of anisotropic loading as described, 
the fact is that the machine was successful and none of its short- 
comings need be insurmountable. Whether the present scheme - 
is the one offering the greatest possibilities for the future is | 
perhaps uncertain, but there can be no doubt that the prospect | 
for dielectric loading is very favourable. 

Mr. P. Howard-Flanders: I believe that the dielectric-loaded _ 
waveguide was amongst the devices considered during the first — 
few months of work on linear accelerators. Some calculations 
on their properties were included in the authors’ laboratory 
reports as long ago as 1945. However, the most promising 
device appeared then to be the metal-loaded waveguide, and 


-ffort was concentrated on making the first complete accelerator. 
hese disc-loaded metal-waveguide accelerators have been very 
successful. There are now a substantial number of linear 
accelerators employing waveguide designs which stem directly 
‘rom the work of this group. Such accelerators have been 
aluable as high-intensity sources of penetrating X-radiation, 
especially for medical applications. There are no fewer than 
eight machines installed in hospitals in England and Australia, 
nd several more are at a late stage of manufacture. 

It is difficult to determine from the paper just what shunt 
impedance has been achieved. Although the authors mention 
ihe attenuation figures, it would be useful if they would convert 
these to shunt impedance, and give the comparable figures for the 
etal guide. 

The simpler scheme of a concentric dielectric cylinder in a 
etal tube has a very low series impedance, since the main power 
flow is in the dielectric. By breaking the dielectric into a series 
tof discs, the power flow through it is greatly reduced, so that there 
is a greater power flux near the axis of the tube where it produces 
a high accelerating field. Can the authors give figures ‘to show 
the extent to which power passes through the hole in the dielectric 
disc-loaded guide? 
The authors mention the possibility of using materials of high 
nagnetic permeability, and I wonder whether this is not a more 
feasible proposition now than when they embarked on the 
dielectric structures. Such materials might be useful at high 
werergies where magnetic focusing was not required. 

One of the difficulties which the authors do not mention, but 
which may occur with a dielectric-loaded guide, is that of the 
emission of electrons from a dielectric-metal junction. I believe 


‘Messrs. R. B. R.-Shersby-Harvie, L. B. Mullett, W. Walkin- 
shaw, J. S. Bell and B. G. Loach (in reply): We would inform 
Dr. Walker and Mr. Howard-Flanders that it was impossible to 
measure the shunt impedance of the complete accelerator because, 
owing to its short length, the attenuation in the feeds (about 
1-5dB) swamped the attenuation in the waveguide. Shunt 
impedance measurements were, however, made at low power 
using a perturbation method upon a constant-velocity section 
of waveguide with v = c. Allowing for the resonator being of 
brass, the shunt impedance agreed approximately with the 
theoretical value, which for a copper wall is approximately 
1-8 x 108 ohms per metre. The measurements described in the 
paper left little doubt that the performance at high power was 
jsimilar to that at low power. The low-velocity portion of the 
-accelerator will have had a lower shunt impedance, but this is of 
ilittle interest. 

As Mr. Howard-Flanders states, the effect of laminating the 
dielectric is to reduce the proportion of power flowing through 
ithe dielectric portion of the guide. In the limiting case of 
‘vanishingly thin laminae of infinite dielectric constant the whole 
1of the power is forced to flow through the central hole. The 
ifield configuration is then very similar to that of a metal 
corrugated waveguide with closely spaced corrugations, and the 
losses on the outer walls of each are the same; the dielectric 
:guide avoids the losses on the corrugations, however. The 
-effect of power flux other than through the central hole is to 
‘give a reduced series impedance. For the simple dielectric discs, 
eagths of reasonably short section can still be used with small 
feedback ratios. For more complex systems with variation of 
‘dielectric constant in the radial direction, an increase in shunt 
imapedance is in general accompanied by a further reduction of 
‘series impedance, which is contrary to the normal metal corru- 
‘g ted waveguide. For very efficient systems this is a serious 
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that some of the discs taken out of the oil-pumped guide showed 
evidence of local discharges next to the metal wall, and this 
difficulty may occur in a dielectric-loaded waveguide even in a 
mercury-pumped system. Prolonged electron bombardment 
may also affect dielectric quality. The dose rate can be extremely 
high, and in an accelerator used over any period, changes in the 
dielectric material are bound to occur. 

Dr. Denis Taylor: It would be interesting if we could be told 
whether this new system of dielectric-loaded waveguides is likely 
to replace the metal corrugated waveguides in future linear 
accelerators for medical work or nuclear physics research. 

Major W. V. G. Fuge: I should like to ask if these two types 
of linear accelerator provide the only known methods of reducing 
the velocity of waves below that of the speed of light. 

Mr. L. Lewin: I should like to ask a question in relation to the 
point made earlier with regard to using material with a high 
permeability in order to get desirable effects. I presume that this 
would be in relation to a ferrite material, and since theaccelerator 
is immersed in a very strong magnetic focusing field, I wonder if 
this aspect has been considered in regard to the gyro-magnetic 
effects which would in that case arise. 

Mr. G. W. Bowdler: In view of the very modest length of their 
accelerator tube and the advisability of using a mercury pump 
with a liquid-air trap, I should like to ask the authors whether 
they consider it would be worth while to cool also the accelerator 
tube with a liquid-air jacket, and thereby reduce the losses in this 
tube to about 1/4/5 times their present value. 

Mr. R. Beadle: I should like to know more about the more 
complex method suggested by the authors of producing the high 
shunt impedances. Just how complex do these systems become? 
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factor, since to obtain reasonable section lengths and size of 
power source high feedback ratios must be involved. The 
effect of errors can then be so serious as to make it preferable to 
use a resonant system. In this extreme, the confluent band-pass 
am-mode case considered by Queen Mary College really comes 
into its own. 

Inspection of the waveguide after use showed only very few 
instances of discharges between the discs and walls; there were 
in fact more cases where discharges had evidently taken place 
at the joints in the outer wall. We have no information on the 
long-term effects of dielectric deterioration. 

In reply to Dr. Taylor, there is not at present sufficient interest 
in high-energy electrons to justify building an accelerator for 
research work, although when our experiments were started the 
situation was rather different, and it would be in this field that 
dielectric loading would be of major importance. There is much 
less to be gained by increasing the shunt impedance in the case 
of medical accelerators, since the beam current is usually so high 
that the power losses are already comparable with the useful 
output. There are other advantages of dielectric loading, such as 
simplicity of construction of the waveguide, but more extensive 
experimental trials will be necessary before it is worth changing 
the well-established corrugated-guide designs. 

In a short linear accelerator it is not worth spending much 
effort to increase the shunt impedance, and our own accelerator 
was only intended as a short trial section of a long accelerator, 
and was not intended to be an efficient accelerator in its own 
right. With regard to Mr. Bowdler’s suggestion, in a long 
high-energy accelerator liquid-air cooling might well be econo- 
mically sound, but the increased technical difficulties, such as 
thermal expansion, have deterred us from examining the question 
seriously. It would be interesting to calculate the cost of cooling 
a long metal accelerator, such as the Stanford model. 
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The feasibility of ferromagnetic loading should, as suggested 
by two speakers, be re-examined in the light of modern develop- 
ments, as it is now over 12 years since we made our assess- 
ment. It was then calculated that the ferromagnetic would 
require to have a Q-factor of more than 1 400 if the permeability 
was 100 to give a shunt impedance greater than the corrugated 
guide at a wavelength of 10cm. Lower Q-factors were sufficient 
at longer wavelengths. 

In reply to Major Fuge, there are many systems which will 
reduce the wave velocity below that of light. Apart from the 
metal corrugated guide (including minor variations) and dielectric- 
disc waveguides, there are three broad categories: purely resonant 
systems, such as those of Sloan and Lawrence and Alvarez, 
which rely upon drift tubes to select the appropriate space 
harmonic; travelling-wave or resonant systems which use 
resonant or near-resonant ‘wires’ such as slotted plates and 
‘ladder’ structures; and finally, plasma waveguides in which 
effective dielectric constants of less than unity are obtained. The 
first category give high shunt impedance at low velocity, but are 
useless above about 0:1c and 0-5c for the two examples quoted. 
The slotted-plate systems also give high shunt impedance at 
fairly low velocities, but could be useful at the velocity of light. 
The plasma waveguides are beset with practical difficulties and 
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there are complications in obtaining a phase velocity equal to 
that of light. These systems have to be employed in proton 
accelerators, but for electron machines the metallic and dielectric- 
disc-loaded waveguides have no real competitors. 

The more complex system Mr. Beadle asks about consists of 
two more concentric dielectric regions outside the central region 
we have so far described. These act as quarter-wave trans- 
formers to reduce the current on the outside wall. The central 
region extends to the first zero of E,, where the wall is situated 
in the ordinary case; the second region extends to the first zero 
of Hy and consists of more closely packed laminae than the 
first region; the third region extends to the second zero of E, 
and may be laminated similarly to the first region. A simple 
method of construction is to use two sizes of discs overlapping’ 
in the second region. In a typical case the overall diameter of 
the waveguide is about twice that of the ordinary case. The loss 
in the outer wall can be reduced until it is less than that in the’ 
dielectric itself. Calculations have shown that a desirable wave- 
length for such a system is about 5cm. No experimental work | 
has been done, and various difficulties such as feeding the power: 
into the correct mode may be anticipated. A short description 
will be found in the discussion to Reference 12, but the main 
points are repeated here for ease of reference. | 
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SUMMARY 


Junction-transistor linear-sweep circuits of the ‘bootstrap’ type are 
‘described for. which deviations from perfect sweep linearity of much 
‘less than 1 % are estimated to be possible. The operation of the circuits 
depends on the properties of the emitter-follower amplifier stage; these 
|properties are shown to be very well suited for such applications. The 
'basic bootstrap circuit is closely related to its thermionic-valve counter- 
part and is very versatile, being readily arranged in externally gated, 
monostable or astable forms; a variety of useful waveforms such as 
rectangles or delayed pulses may be generated, in addition to the linear 
‘voltage sweep. One form of monostable circuit described is par- 
‘ticularly precise in operation, the timing duration being defined by 
{the comparison of an accurate linear voltage sweep waveform with a 
(veference potential by means of a transistor blocking oscillator com- 
parator. The limitations imposed on the circuits by the frequency- 
dependent properties of the transistors are investigated, and it is shown 
ithat these result in initial transients at the beginning of the sweep 
involving time-constants of the order 1/,,; furthermore, the transients 
» concerned are not of a serious nature. Finally, quite fast, yet accurate, 
i linear sweeps are shown to be possible, examples being given of circuits 
generating sweeps of less than 1 microsec duration. 


(1) INTRODUCTION 


In thermionic valve practice the Miller integrator circuit 
‘employing a single pentode, and the closely related ‘bootstrap’ 
‘integrator employing a triode, form the basis of a wide range of 
circuits which depend for their precision of operation on the 
generation of an accurate linear voltage sweep. The junction 
| transistor may be used effectively in place of a valve in either of 
\these basic circuits, but it appears to be particularly versatile 
when applied in the bootstrap type of circuit,! shown schemati- 
cally in Fig. 1. 


ts 


(b) 


Fig. 1.—Basic bootstrap linear-sweep circuit. 


The basic amplifier stage in this circuit should have a voltage 
gain, A, closely approaching unity, a high input impedance and 
a low output impedance; all these properties are exhibited by 

the junction transistor common-collector stage, or emitter- 
follower. Indeed, as regards voltage gain, such a transistor 
#mplifier stage is superior to its thermionic-valve counterpart, 
since values of A much closer to unity are readily obtained. 

In the following Sections, some of the possibilities of junction- 

‘“ansistor bootstrap linear-sweep circuits are discussed. It is 
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shown that deviations from linearity of much less than 1°% are 
possible over the useful sweep duration, and the generated sweep 
waveform may readily be made to time the duration of an output 
rectangular waveform. By incorporating regenerative mech- 
anisms, monostable or astable action is obtained, resulting in 
pulse or delay generation with accurate linear timing. 

The circuits to be discussed are based on the schematic sweep 
circuit shown in Fig. 1, in which the box represents an amplifier 
of voltage gain v/v = A = 1 — 4, an input resistance R; and 
an output resistance Ry. This box is to take the form of a 
transistor emitter-follower amplifier stage; thus the potential V, 
which acts as the collector h.t. supply for the stage, would actually 
be negative for a p—n—p transistor. In the following it is assumed 
that Ro approaches zero and that the feedback coupling capaci- 
tance, C,, is so large that the voltage across it is effectively con- 
stant. The circuit action is briefly as follows: Switch S is initially 
closed, so that i= V/R. S is opened at t = 0, i being diverted 
into C; v and v therefore rise, the diode D, becomes non-con- 
ducting, and if A = 1 and R; = ©, i is maintained constant by 
the feedback via C,, so that v and Vp rise perfectly linearly. In 
general, however, the output waveform is exponential, according 
to the differential equation 
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If 7/(5 + k) is much greater than the time duration considered, 
Vo closely approximates a linear sweep and 


AVt (6 +k) 
Vie IP: aT 


t<T(S +4 


If the sweep duration is ¢,, with 6 and k zero (i.e. A = 1 and 
R; = ©) the sweep amplitude V, is given by 
Vt 


= VS - . e . . . (4) 


(3) 


provided that 


In general, however, the percentage error in sweep amplitude, 
represented accurately by the quadratic term in the expansion of 
eqn. (2) in powers of ¢ if the deviation from linearity is small, is 


 — 0S +H) 


7 (5) 


as illustrated in Fig. 1. 

The above analysis is familiar from thermionic-valve practice, 
in which the box is a cathode-follower. With a cathode-follower 
it is legitimate to put R; = 00, but the approximation of A to 
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unity is not particularly good. With the emitter-follower, on 
the other hand, A is readily made greater than 0-99, but although 
R; may be quite large, its effect on the sweep linearity is always 
significant. 

The switch S is also to be a transistor, and is consequently 
unable to represent either a perfect short-circuit or open-circuit. 
Instead, it will present a large resistance R,, when open (during 
the sweep), and when closed at the termination of the sweep will 
allow the rapid discharge of C. Since R,, shunts C, its effect on 
the sweep linearity must be allowed for; this may be done by 
considering R,, in parallel with R; and modifying k to 


y — ROR + Roo) 
RR, 
(2) EMITTER-FOLLOWER STAGES 


The simplest form of transistor amplifier stage for application 
in the above basic sweep circuit is the conventional emitter- 
follower employing a single junction transistor as shown in 


Fig. 2.—Emitter-follower amplifier stage. 


(a) Circuit. 
(b) A.C. equivalent circuit. 
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Fig. 2(a). Referring to the a.c. equivalent circuit of the stage 
shown in Fig. 2(b), the following properties are readily derived: 


Current gain y: 
iH r 


| een a) en 


y= 
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in terms of the usual transistor a.c. parameters. 


Voltage gain A: 


v R 
A= 2= : 7 
eRe Pe aL. 
giving, with little error if A is close to unity, 
+ rly 
Yh ie ea eB 
Ae (8) 
Input impedance Z;: 
Z=t, 4 yt, Rh) yr; (9) 
Output impedance Zp, with input terminals short-circuited: 
; ror, — 
L4G a ROO LICE GENIN FG) EO) (10) 


ly +1 


since with practical values of R, (several kilohms) R, > Zo: 
It should be noted that, although A and Z were considered to be 
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real in the previous Section, and will be assumed to be real in | 
the following unless otherwise stated, these quantities are complex |) 
at sufficiently high frequencies owing to the frequency dependence i 
of a. Moreover, the influence of other high-frequency transistor ) 
parameters, such as the collector capacitance, have not been |) 
included. The high-frequency limitations of the transistor, and 
their influence on the operation of the sweep circuits, are discussed |, 
towards the end of the paper. In the meantime the input i 
impedance being considered real is written as Rj. 


Table 1 


TYPICAL EMITTER-FOLLOWER PROPERTIES (FOR CIRCUIT SHOWN i 
IN Fic. 2) i 


Quantity “ | 


Type OC71 transistor. 
(measured parameters). 


Te = 2mA; re = 72; ro = 8000; re = 1°4MQ; « = 0-984 | 
Table 1 gives typical values of the above properties of an 
emitter-follower employing a type OC71 transistor at a particular | 
d.c. bias point; the orders of magnitude of A and Z; as a function © 
of emitter load R, are illustrated. When the emitter-follower is 
employed in a sweep circuit, however, the operating point of the 
transistor varies over a large range, because, as will be seen in | 
the next Section, the base potential may fall through almost the 
full range between earth and the collector supply potential, V,, 
during the sweep. If v; varies over this range with the circuit | 
shown in Fig. 2, J, increases from a few microamperes to perhaps 
several milliamperes, while simultaneously the collector-to- 
emitter p.d. varies through almost the full collector supply range. 
Now for very small emitter currents the emitter resistance, r,, is | 
quite large, causing appreciable reduction in the voltage gain 
[as may be seen from eqn. (7)]. Usually (e.g. with a type OC71_ 
transistor) A decreases seriously in typical circuits if J, is reduced 
below a few hundred microamperes; for this reason, in the linear- 
sweep-circuit applications to be described, where A must be as . 
close to unity as possible during the sweep-generation process, J, | 
is prevented from falling to low values (e.g. J, kept greater than . 
4mA). The minimum emitter current of an emitter-follower | 
stage may be defined by returning R, to a positive bias potential, — 
as shown in Fig. 3, assuming v; not to be raised above earth 
potential. For the circuit shown, in which R, = 10 kilohms, the 
minimum value of J, with the base earthed is 600A; if ; is 
allowed to range between the positive and negative supply 
potentials, the variations of R; and 6 are as shown in Fig. 3 as 
a function of J,. It is seen that for I, > 500 wA the values of 6 
and R; are little affected by operating point. In the applications 
of the emitter-follower as a bootstrap sweep generator there is, 
in fact, no difficulty in maintaining relatively large emitter-current 
biases throughout the sweep action, as will be discussed fully in 
Section 3.3. The reason for this may be seen briefly by referring 
to Fig. 1: during the sweep duration the charging current i flows 
from the amplifier output terminal, i.e. the emitter of the emitter- 
follower, and this acts as an additional emitter bias current. 
(Note that if a p-n-p transistor is used, V and i are actually 


negative in Fig. 1, so that i represents a current flowing into the 
emitter.) 
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_'ig. 3.—Properties of the emitter-follower stage as a function of 
emitter-current bias (measured at 1 kc/s). 
6 =1—A4;A = 2/0; 


(2.1) ‘Composite Transistor’ Emitter-Follower 


Although the voltage gains quoted above for the simple emitter- 
follower are very close to unity, the input impedance is not as 
high as might be desired. The input impedance could be 
_increased by employing a much larger emitter load resistance, R,, 
the input impedance having a theoretical maximum of (7, +r) 
for infinite emitter load. At the same time the use of larger R, 
would result in still closer approach of the voltage gain to unity. 
Unfortunately, however, if R, is to be very large (e.g. several 
hundred kilohms) the emitter of the emitter-follower (at which 
the sweep waveform appears in the bootstrap circuit) would not 
tolerate appreciable loading without serious deterioration of the 
emitter-follower properties; i.e. the imposed load would need to 

be several times R,. This difficulty may be overcome by 
replacing R, by a second emitter-follower stage, which acts as a 
buffer stage while presenting large input resistance; the resulting 
circuit is shown in Fig. 4. Thus T, acts as an emitter-follower 
stage with a large dynamic emitter load resistance formed by the 
base input impedance, R;., of emitter-follower T,. The two 


(+) 0 Ve (+6V) 


Re2 (eg. 10kN) 


(-)oV, (-9v) 


Fig. 4.—Composite emitter-follower stage. 
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output voltages v,, and v,5 are available: v,; is to be used for 
feedback purposes in the bootstrap circuit, while V52, at much 
lower impedance level than v,,, is to be regarded as the output 
voltage of the stage for external purposes. The direct-coupled 
combination of transistors T,; and T, may be regarded as a 
‘composite transistor’ and the resulting emitter-follower is very 
similar to circuits first proposed by Pearlman. 

The properties of the composite emitter-follower follow 
directly from those of the simple basic circuit. Thus, employing 
the appropriate suffixes for the parameters and properties of the 
transistors T, and T), 


y= ten < Fo2 

> ign Fen + Reg + rel — a) 
Rin ~ Y2Re2 p (11) 
y ~ ot 

Pe + Ri + read — a) 


J 


giving the voltage gain and input impedance of the composite 
emitter-follower as 


‘Gess bale Rix 
Dd Kiar 75) oT ey. (12) 
Z; ~ ViRir 


The effects of the approximations in these expressions are quite 
negligible. 

In order to realize the desired properties of the circuit, the 
appropriate d.c. biasing conditions must be arranged. It must 
be remembered that, unless the emitter current of T, is sufficiently 
large, r.,; will be unduly large and the gain A will not closely 
approach unity. Now the emitter current, J,,;, of T, is the base 
current of T,, and is therefore very low unless the emitter current, 
I,o, of T, is large. Fortunately, owing to the large value of R;, 
a larger emitter resistance, r,;, can be tolerated for T; than in the 
simple emitter-follower; a lower limit of 50 A is usually suitable 
for J,,; in a straightforward amplifier application, so that the 
minimum value of J, is a few milliamperes. However, under the 
conditions of operation of the composite emitter-follower in the 
bootstrap circuit, there is no difficulty with regard to the emitter- 
current bias of T, during the sweep process, because of the addi- 
tional current bias i supplied via the integrating feedback path 
(i.e. via R and C, in Fig. 1) as already mentioned above. 

Using type OC71 transistors for both T, and T), the choice of 
circuit conditions shown in Fig. 4 has been found satisfactory. 
Thus, with the circuit as it stands the minimum emitter current 
of T,, for the emitter at earth potential, is 0-6mA; the corre- 
sponding minimum emitter current of T, is thus very small 


Table 2 


TYPICAL PROPERTIES OF THE COMPOSITE EMITTER-FOLLOWER 
STAGE 


Transistor T2 


Quantity 


Transistor Ty 


Ye 
'b 
Te 


Tex = 1mA 
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indeed, e.g. 10jA. In practice, this current would be quite 
negligible in a bootstrap sweep circuit compared with emitter- 
current bias of T, arising from the flow of i; the current from this 
source during the sweep would probably be at least a milliampere. 
Table 2 gives values of the relevant parameters and calculated 
properties of the stage with emitter bias currents of 2 and 1mA 
for T, and T, respectively. The input impedances and voltage 
gains are seen to be considerably improved compared with those 
for the simple emitter-follower, although at the expense of an 
additional transistor. 


(3) BASIC TRANSISTOR BOOTSTRAP LINEAR-SWEEP 
CIRCUIT 
Fig. 5 shows the basic sweep circuit employing two p-n-p 
junction transistors T, and T, as emitter-follower amplifier and 


Fig. 5.—Externally gated transistor bootstrap circuit. 


switch respectively. The arrangement is essentially the same as 
in the schematic circuit shown in Fig. 1. The circuit action is 
briefly as follows. R, is arranged so that T, is initially in a 
bottomed state, i.e. the switch across the integrating capacitor C 
is closed. Thus, except for the collector of T,, all transistor 
electrodes are within a small fraction of a volt of earth potential. 
The bias potential V, is made somewhat negative to the base of 
T>, so that diode D, is non-conducting. On application of the 
input gating waveform V;, D, conducts and the base potential 
of T, is raised, cutting off the flow of emitter current; T, now 
presents a very high dynamic resistance across C, i.e the switch 
across C is open. Both the base and emitter potentials of the 
emitter-follower T, then ‘run down’ almost perfectly linearly 
until T, bottoms, or until its base potential is arrested by a 
catching diode in order to prevent deterioration of the performance 
of the emitter-follower as bottoming is approached. When T, 
is ‘turned on’ again by the fall of the gating waveform, C is 
discharged rapidly at a rate depending on the collector current 
of T,, which is, in turn, governed by the base resistance R,; the 
base potential of T, therefore rises rapidly and approximately 
linearly to earth potential. During this flyback process the 
emitter potential of T, also rises rapidly towards earth, but 
because of the discharge of the coupling capacitor C, during the 
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| 
} 
} 


sweep (owing to the flow of the charging current i), the emitter H 
falls short of the initial steady-state potential it had immediately | 
prior to the initiation of the sweep. C;, is finally recharged to i 
its initial potential by a current drawn from the emitter of T;, 1 
the emitter potential rising slightly in the process. The wave- |) 
forms shown in Fig. 5 illustrate the above sequence of events. ib 
The conditions of operation of the circuit will now be examined i 
in greater detail. 


(3.1) The Switching Transistor 


When the switching transistor T, is in its initial bottomed’) 
state before application of the gating waveform, its emitter- 


collector p.d. is very low (e.g. a few hundredths of a volt). The} 
current i through R is therefore almost exactly ) 
i= VEER (13) r 


j 
and flows through T, as collector current. (Note that the current i 
i is actually negative for p-n-—p transistors.) For T, to be 
bottomed it is necessary for R; to be chosen such that 


LAS e4) 
a 


=e Sila u 


| 
(14) © 
the current i being much greater than either the base current of » 
T, or the leakage current J.) of T,. This condition requires that 
aR 


l—« 


Rie 


assuming the base current of T, to be of considerably greater 
magnitude than that of J,o. 

During the sweep duration the dynamic collector-to-emitter 
resistance, R,,, of T, is very high (e.g. >10 megohms), both | 
emitter and collector diodes being reverse biased. Thus in this ' 
state the collector of T, draws a very small and almost constant 
current rather less than the collector leakage current J,9 (i.e. a few 
microamperes); this current is supplied via R and is only a- 
minute fraction of the total current flowing through the resistor. | 
In order to cut off T, the source of the gating waveform must take | 
the base of the transistor at least 200 mV positive to the emitter | 
and also supply the appropriate current through R,, together 
with the collector leakage current Jo. 

The rapidity of discharge of C on removal of the gating wave- ‘ 
form is directly controlled by R;. Until T, bottoms, its collector | 
current is approximately 


Sera Liege 

1 Ree) (16) 
2 ; 1 

and the discharge (& care CE thus V, oiieti+, eel 
i ge current o is thus V, | (ik, R| 


amperes. The base and emitter potentials of T, rise almost 
linearly at the corresponding rate; if the sweep amplitude is Vs 


(as in Section 1) the discharge of C is completed in approximately — 
t,sec, where , 


_ V,R,RCA — @) 
7’ VilaR = (1 = a)R;] 


(17) | 


(3.2) The Emitter Follower 


If a conventional emitter-follower stage is employed, as shown — 
in Fig. 5, then throughout the sweep duration the emitter current 
of the transistor consists of two components: the current flowing 
through the emitter load resistor R,, which increases as the 
Sweep progresses, and the almost constant current i flowing via 
the coupling capacitor C,. Owing to the presence of the latter 
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‘component there is no difficulty in practice of maintaining the 
- emitter current at values sufficiently large for efficient operation 
| of the emitter-follower, even when R, is large. The composite 
form of emitter-follower could equally well be used in the circuit 
shown in Fig. 5, with the advantage of greater sweep linearity. 
In this case the flow of the current i as emitter current bias is 
‘particularly beneficial, since the emitter current of the input 
transistor would otherwise be only the very small base current 
of the other transistor of the composite pair, with detrimental 
- effect on the emitter-follower voltage gain. Thus, so far as the 
_ sweep process is concerned, provided that i is sufficiently large, 
_ there is actually no necessity to return R, to a positive bias. As 
| discussed below, the purpose of this bias is to ensure rapid 
recharge of the capacitor C, at the end of the flyback action. 

In applying the analysis of Section 1 to the circuit shown in 
Fig. 5 it should be noted that, provided the emitter-follower 
_ voltage gain is very close to unity, it is permissible to make the 
assumption (made in Section 1) that the output impedance of 
the emitter-follower is effectively zero. This may readily be 
_yerified by observing that the current i fed back via C, and R 
_to the capacitor C during the sweep process acts as if a resistance 
equal to R/(J — A) were connected across R,. The effect of 
. such a shunting path is quite negligible in practical sweep circuits. 


(3.3) The Recovery Process 


The following discussion of the circuit recovery action refers 
for the most part to the single-transistor form of emitter-follower 
: shown in Fig. 5; the composite emitter-follower is commented on 

in conclusion. As already indicated, on removal of the gating 
/ waveform the sweep circuit recovers to its initial steady state in 
|two stages. The integrating capacitor C is rapidly discharged 
_ by the switching transistor T,, and the emitter of T, is left some- 
' what negative to its steady-state potential because of the discharge 
_of the coupling capacitor C, during the previous sweep duration. 
'C, is then recharged by current diverted from the emitter of T,, 

i.e. from the low-impedance source represented by the output 
impedance of the emitter-follower, provided that T, is not cut off 
in the process. 

If the emitter potential falls sufficiently short of the base 

potential when C has been discharged, T, is cut off and C, 
‘recharges via the relatively large impedance R,, the emitter bias 
current being wholly diverted into C;. Now C, must be large 
‘enough for the change in potential across it to be negligible 
during the sweep. Nevertheless, until the charge lost by Cy 
during the sweep action is replaced, the circuit recovery is not 
complete and further sweeps will cause progressive discharge of 
C,. Thus, if the circuit is gated recurrently, such that insufficient 
time for complete recovery is allowed between sweeps, T, may 
be left cut off when the discharge of the integrating capacitor C 
‘is completed, and will still be cut off when the next charging 
‘process begins. The situation is then as shown in Fig. 6(@): 
until the base potential has fallen sufficiently as C charges during 
the sweep, T,; remains cut off; after a certain delay, emitter 
current of T, starts to flow, the emitter potential falls and the 
normal circuit action commences, the charging current 7 being 
diverted into the emitter of T, with efficient emitter-follower 
action in consequence. Thus, the sweep output at the emitter of 
T, starts after a delay: dictated by the recharge of C;. 

There are several measures that can be applied to ensure rapid 
iecharge of C, so that successive sweeps may take place with only 
hort intervals between them. By returning the emitter load R, 
4 a positive bias and arranging for sufficiently large current to 
fiow through it when the emitter of T, is at approximately earth 
potential, a considerable current may be diverted into C, for 
recharge purposes. In fact, the most rapid recharge of C, takes 
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oV 


(c) 


Fig. 6.—Effects associated with coupling capacitor C;: avoidance of 
sweep delay at emitter of T,. 


(a) Sweep delay at emitter of T; due to the time taken to recharge C; between sweeps. 
(6) Definition of sweep starting level to ensure that no delay is present. 
(c) Recharge of C; by switching transistor T3. 


place if T, is cut off throughout this process, since all the current 
flowing through R, is then employed for the purpose. Supposing 
this to be the case, the recharge of C,; is complete in 
approximately 


en, IN 
Ry, seconds 


where ¢, is the sweep duration. The need for a sufficiently large 
available recharge current via R, is emphasized by the above 
expression. In practice, rather longer time than estimated above 
isusually required for recharge of C,, because of emitter-current 
flow in T, during part or the whole of the recharge process. 

When the sweep circuit is operated recurrently in the vicinity of 
the maximum repetition frequency with the chosen values of R, 
and V,, there may be some doubt whether there is a slight delay 
in the commencement of the sweep at the emitter of T, [the 
emitter current of T, being cut off during this delay, as shown 
in Fig. 6(a)]._ Any such doubt can be removed by inserting a low 
resistance R, (e.g. a few hundred ohms) in series with C as 
shown in Fig. 6(b). Then the moment current i is diverted into 
C at the beginning of the sweep process, the potential drop, /R,, 
across R, causes the base of T, to fall suddenly; if this fall is 
large enough, emitter current of T, certainly flows and the 
emitter potential of T, falls, as illustrated. The sweep process is 
subsequently as previously described, with no delay at the emitter 
of T,;. Note that the presence of R, has negligible effect on the 
sweep linearity: with perfectly constant charging current flowing 
into C, a constant potential is developed across R, during the 
sweep. 
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It may sometimes be necessary to recharge the coupling 
capacitor C, more rapidly than can conveniently be arranged by 
provision of charging current through R,. This may be accom- 
plished by means of an additional switching transistor T3, as 
indicated in Fig. 6(c). Such a transistor may be made to deliver 
a heavy charging current when the input gating waveform is 
removed, recharging C, in a small fraction of the sweep duration. 
Again, to be sure of eliminating any small sweep delay at the 
emitter of T,, it is advantageous to include a small resistor in 
series with C. An additional benefit afforded by this resistor 
is that the starting potential of the emitter T, at the initiation of 
the sweep is accurately defined by, and almost equal to, the base 
potential drop (—iR,). Note that in this circuit the sole function 
of the resistor R, is to assist the action of the switching transistor 
T; in recharging C, by supplying current from the source V,. R, 
could therefore usually be omitted with little change of circuit 
performance. 

In the composite emitter-follower the recharge of C, in a short 
time presents greater difficulty, since only very small charging 
current is available (i.e. the base current of the second transistor 
of the composite pair). Thus for rapid circuit recovery the use 
of an additional switching transistor to recharge C; appears to 
be essential. 


(3.4) Sweep Linearity: Example 


The design of a bootstrap circuit with good sweep linearity 
involves primarily the design of the emitter-follower for a voltage 
gain close to unity and high input impedance, R;. It is also 
necessary to choose the integrating resistance R to be very much 
less than R; (giving a small value for k), and to make the coupling 
capacitance C, so large that the fall in potential across it during 
the sweep is quite negligible. With regard to the last point, it 
should be noted that if the discharge of C, is to have negligible 
effect on the sweep linearity (i.e. on the percentage sweep ampli- 
tude error, €), then the condition 


on (18) 


a 
should be obeyed. 

In the following two examples of bootstrap circuits the circuit 
was arranged as shown in Fig. 5, with a composite emitter- 
follower in the second case; type OC71 transistors were used 
throughout. The sweep durations were sufficiently long for 
frequency dependence of transistor parameters to be negligible, 
as assumed above. The actual effects of such frequency depen- 
dence, which result in slight distortion at the beginning of the 
sweep waveform, are discussed in Section 7. 


(3.4.1) Circuit with Single-Transistor Emitter-Follower. 
The circuit arrangement was as follows: 


R, = 10kQ ) V, = — 9 volts 
Ria 5k 

R, = 39kQ + V, = + 6 volts 
C=0-1pF 

Cy = 60 uF V, = — 0-5 volt 


The sweep amplitude was —6 volts, the base excursion of the 
emitter-follower being arrested at this potential by means of a 
silicon diode. The sweep duration was about 330microsec. 
The relevant measured parameters, representing average con- 
ditions during the sweep, were 

A = 0-993 

R; = 320 kilohms 

R,. = 15 megohms 


Thus k = 0-016 and 6 = 0-007, giving an estimated error in 
sweep amplitude of 0-75 %. 
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Fig. 7.—Oscillograms of waveforms at the emitter of T; for the circuit |; 


discussed in Section 3.4.1. 


Sweep period, 330 microsec; amplitude, 6 volts. 


(a) Circuit shown in Fig. 5. 
(b) Effect of modification shown in Fig. 6(b); Rz = 220 ohms. 


Fig. 7 shows the actual sweep output waveforms (taken from ) 
the emitter of transistor T, in Fig. 5) with the circuit in its basic 
form, and also with the addition of a 220-ohm resistor in series 
with C to ensure no small sweep delay. 


(3.4.2) Circuit with Composite Emitter-Follower. 


The circuit arrangement was essentially the same as the 
previous one, except for the use of a composite emitter-follower 
with R, = 10 kilohms. 
was used and the sweep amplitude was — 6 volts. 


. 
| 
: 


Again, a 6-volt emitter supply potential © 
From the para- 7) 


meters quoted in Table 2, where the emitter-current biases of | 
the first and second transistors of the composite pair were 2 and | 
1 mA respectively (typical average conditions during the sweep), | 
5 = 0:0006 and k = 0-0037, giving the estimated sweep ampli- i 


tude error at the end of the sweep as 0:14%. 
In this circuit an additional transistor was employed in order 
to recharge the coupling capacitor C, as discussed in Section 3.3. 


(4) IMPROVEMENT OF SWEEP LINEARITY BY 
COMPENSATING FEEDBACK 


In the basic bootstrap circuit, deviation from perfect linearity | 


is due primarily to the presence of the quadratic term in the 
expansion of the output waveform in powers of ¢. The above 
assessments of linearity refer to the quadratic term alone. There 
are, however, well-known ways of increasing the sweep linearity 
of a bootstrap circuit by introducing additional compensating 


feedback,* the object of which is to eliminate, or at least greatly | 


reduce, the output quadratic term. One such arrangement,? 


involving only small modification of the basic circuit, is shown in ° 
The integrating capacitor C is replaced by C, and C, in | 


Fig. 8. 


| 


series, and a proportion of the sweep waveform is developed ' 


across the compensating resistor R). 
biased during the sweep and its conductance is assumed to be 
negligible compared with that of R,. 


Ve 


Fig. 8.—Circuit with compensating feedback applied to reduce sweep 
non-linearity. 


The current i, through | 


The diode D, is reverse » 
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R, thus rises almost perfectly linearly with time: this current, 
flowing from the junction of C, and C, is responsible for the 
- sweep linearity compensation. Now i, acts almost entirely as 
_ charging current for C,; owing to the very high resistance paths 

(i.e. via R or Rj) associated with the charging of C, by such a 
_ current, 7, can have very little effect on the p.d. across C,. Thus, 
_as a result of the integration of i, by C,, a potential component 
_ of quadratic form in fis built up across this capacitor, and appears 
_ also at the base of the transistor T;. This component is of oppo- 
site sense to the quadratic sweep-waveform error component, 
and with suitable choice of R, the two quadratic terms may be 
'made to cancel. Deviations from perfect sweep linearity would 
be due to cubic and higher-power terms in ¢ if such cancellation 
could in practice be made exact. 

The appropriate value of R, may be determined by the follow- 
ing approximate method, in which a number of assumptions are 
'made; a more detailed analysis is given in Section 11, showing 
_that the simplified approach leads to negligible errors. 

Assuming /, to be of perfect linear waveform during the sweep, 
_ then, from eqn. (3), 

fa Vist 
POUNCE C Ra 


= RC{Cp|(Ca Si Cy) 


jand the voltage gain of the emitter-follower is taken as unity. 
| Fhe voltage v,, developed across C, due to the charging current 
i (assuming negligible charging of C,) is therefore 

BS =) 
aT QT(C, +-C,)Ro 
' with respect to earth. Equating the magnitudes of this voltage 


| and the quadratic error term in the sweep output voltage, given 
' by eqn. (2), and again putting A = 1, yields the condition 


RCC 


(19) 


) where 


) 


TR A ee 20 
>= SING + Cy? sa 
It is often convenient to let C, = C, = 2C 
R 
| ong ee 21 
so that R, WEB (21) 


If it were possible to cancel the quadratic term completely, the 
linearity of the output sweep would be very good indeed. How- 
ever, as a result of variations in 6 and k that might occur in 
‘practice with time or between different parts of the sweep, only 
partial cancellation is possible. It appears reasonable to expect 
‘to reduce the quadratic sweep output term to one-fifth of its 
uncompensated value, giving the percentage error in sweep 
amplitude after duration ¢, as 


~ _ 1048 +4 
= 


It should be noted that this assessment assumes that output- 
power series terms of cubic and higher powers of t are negligible 
compared with the remainder of the quadratic term after 
compensation: that this is indeed so is shown in Section Li. 
Referring to the two examples of the previous Section, the 
sweep-amplitude errors at the end of the sweep become, from 


eqn. (22), 


Single-transistor emitter-follower 
Composite emitter-follower 


The corresponding values of R, are 54 kilohms and 300 kilohms 
r spectively when C, = C,,. “a 
It is necessary to ensure that with the addition of the com- 


(22) 


0:15% 
0-028 % 
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pensating feedback circuit the sweep generator is able to recover 
swiftly to a standard initial state during the flyback process (i.e. 
for both C, and C, to be discharged quickly when the switch S 
is closed in Fig. 8). The diode D, provides a low-resistance 
path for this purpose, resetting the junction of C, and C, to 
approximately earth potential. In view of the values for R, in 
the above examples, diode D, must be of sufficiently high reverse 
resistance to ensure negligible shunting effect. 

The values obtained above for R, in practical circuits indicate 
that the compensating current i, represents an appreciable loading 
effect on the emitter-follower. In fact, this current acts as if a 
shunting resistance equal to R,(C, + C;)/C,—twice R, in the 
above examples—were connected across R,. The choice of R, 
should allow for this effect. 


(5) MONOSTABLE CIRCUITS 


The bootstrap sweep circuit may be converted into monostable 
form by introducing regenerative action at the initiation of the 
sweep. Thus, in response to a sharp trigger pulse, the circuit 
must be made to generate its own gating waveform, holding the 
switching transistor cut off during the sweep. Two alternative 
methods of achieving this will be described. In both cases the 
gating waveforms is generated at the collector of the emitter- 
follower transistor and is fed back to the base of the switching 
transistor by means of a coupling capacitor. 

In the first circuit arrangement, shown in Fig. 9, the monostable 


Fig. 9.—Monostable sweep circuit. 


Component values for sweep of 330 microsec duration and 6-volt amplitude: 
ia ey LO) (PASS HS Ve = + 9 volts 


Re=10kQ C; = SOUF Ve = — 9 volts 
Ry = 39kQ Cz, =0:2uF Vo, = — 6 volts 
Rz = 3300 
Re = 250Q 


action depends on the presence of a low resistance, R,, in series 
with the integrating capacitor C, together with the collector load 
resistor R,. The positive trigger pulse v, tends to cut off the 
switching transistor T,; as the collector current of T, falls, 
current is diverted into C and the resulting drop across R, causes 
the base and emitter potentials of T, to fall and, because of the 
presence of the load resistance R,, the collector potential to rise. 
At the same time, the fall of the emitter potential of T, tends to 
render D, non-conducting, so that the current i is diverted 
through C,, actually flowing into the emitter of T,;; an almost 
equal current flows out of the collector, again causing the collector 
potential of T, to rise. This rise in potential, fed back to the 
base of T, augments the action of the trigger pulse and can be 
arranged to cut off the flow of emitter current, the base potential 
being caught somewhat positive to cut-off bias by the diode D3. 
The sweep is thus initiated regeneratively and continues in the 
usual manner, provided that T, is held cut off. However, the 
coupling capacitor C, discharges during the sweep and would 
cause T, to come out of its cut-off state were it not for the linear 
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rise in the collector potential of T, that takes place as the emitter 
potential of T, falls. With appropriate choice of R, and Cy, 
the diode D3 may be held conducting and T, cut off during the 
sweep. When the sweep is terminated by the bottoming of T,, 
or by the clamping of the base of T, (by diode D, in Fig. 9), the 
collector potential of T,; ceases to rise. The discharge of C, 
then causes the base potential of T, to fall, so that after a short 
delay emitter current of T, flows and collector current of T, 
starts to discharge the integrating capacitor C; this discharging 
current also causes a voltage drop across R,, which raises both the 
base and emitter potentials of T,;. Thus the collector potential 
of T, falls, turning on T, regeneratively so that the flyback action 
is initiated and the circuit returned to its initial stable state. 
The circuit action is illustrated by the waveforms shown in 
Fig. 9. 

For the above monostable action to take place two conditions 
must be satisfied. First, at the initiation of the sweep the 
collector potential of T, must rise sufficiently to cut off T,; 
for most junction transistors this potential rise should be at 
least 0-3 volt, assuming unity current gain from emitter to 
collector of T,: 


e ae (23) 


* ING: =_ 
i( Regi + Re) R AR, 


where iR,R,/R, is the collector potential rise resulting from the 
base potential excursion of T, when 7 is diverted through R,, 
and ik, is the collector potential rise due to flow of i as emitter 
current of T,. Usually a few hundred ohms suffices for R,. and 
the collector potential waveform is accordingly almost entirely 
due to the diversion of the current i into the emitter of T,;. In 
addition, in order that the discharge of the capacitor C, shall not 
bring T, out of its cut-off state during the sweep, 


#ie 1) = O-Sivolt 


Vaal, RC, 
Rie RG aR: 
(24) 
R.R 
(C e 
or 2> RR G 


In practice, C, should not greatly exceed the minimum value so 
defined, otherwise excessive delay in flyback initiation results. 
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rise of collector potential, again owing to the presence of L,. Tz 
is cut off regeneratively, mainly as a result of this second effect. 
During the sweep the collector-potential waveform of T; consists 
of four separate components: a sharp positive spike due to L, on 
diversion of i into the emitter of T, at the beginning of the sweep; 


} 
| 
{ 
L 


a step due to the differentiation of the linear rise of collector ) 
current by L,; a step caused by the flow of i into the emitter, |) 


resulting in a constant potential (iR,) across R,; and a linear 


rise due to the rise in collector current flowing through Rg... 
The step components must together be sufficient to hold T, cut } 
off immediately after the sharp spike of collector potential of 


T, has collapsed, while the linear rise must maintain T, cut off 


throughout the sweep, offsetting the discharge of the coupling i 


capacitor C). 


When the sweep terminates, collector current of T, ceases to | 
rise, with the result that a rapid fall of collector potential takes )) 
This © 
fall, fed back to the base of T>, initiates a regenerative flyback |) 
It is J 
necessary, however, to prevent the collector potential of T, falling © 
negative to V, when the collector current of T, falls to zero © 
during the flyback: the diode Ds, connected to a small positive | 
In the absence of Ds © 
the collector potential of T, falls negative to V, during the fly- 


place, owing to the collapse of the back-e.m.f. across Lg. 


action after only a small delay, as illustrated in Fig. 10. 


bias (e.g. 1 volt) performs this function. 


back, as shown by the broken-line waveform in Fig. 10; C, 


charges rapidly, since the base potential of T, cannot fall appre- © 
ciably, and when the collector potential of T, recovers to V,, : 
T, is gated into a cut-off state, initiating a further sweep action, | 
Such effects are prevented | 
Rq damps any tendency of L, to | 
cause ringing, particularly at the beginning of the sweep, and is | 


i.e. the circuit may become astable. 
by the clamping diode Ds. 


commonly a few kilohms. 


Thus, for the circuit shown in Fig. 10 to operate, L, and R, } 
must be large enough for their combined action to cause T, to | 
be cut off at the beginning of the sweep. Assuming a base 
excursion of 0-3 volt to be sufficient for this purpose, and ignoring | 
the presence of the sharp spike of the collector-potential wave- } 


form of T, at the beginning of the sweep, it is necessary that 


Ve L, 
R (c x 


a R.) > 0:3 volt . 


why 


POTENTIAL SOMEWHAT 
POSITIVE TO Vo 


Gre 


Fig. 10.—Alternative form of monostable bootstrap circuit. 
For sweep waveform as in Fig. 9. 
L, = 50mH; Rg = 3kQ 


An alternative form of monostable circuit is shown in Fig. 10. 
Here the inductance, L,, in the collector circuit of the emitter- 
follower is responsible for the regenerative action at the beginning 
of the sweep. When the trigger pulse diverts current into C 
the emitter and collector currents of T, commence to rise linearly: 
and owing to the differentiating action of L, the collector 
potential of T, rises rapidly gating the switching transistor T> 
towards a cut-off state. Simultaneously, current formerly 
flowing through diode D, is diverted into the emitter of T, 
causing a rapid rise of collector current and therefore a very fast 


Of the two monostable arrangements, the second has the advan- | 


tage of giving the more precise definition of the flyback recovery 
process at the expense of greater circuit complexity. In this case 
the flyback is initiated after only a small delay when the sweep 


terminates, especially if the base of T, is biased only slightly — 


positive to cut-off potential during the sweep; thus the rectangular 
waveform appearing at the collector of T, is more accurately 
timed than in the first circuit. 
in Fig. 10 may be made still more rapid by including also a low 
resistance in series with C. Typical values of the circuit com- 


ip 


(25) | 


Note that the regenerative actions. 


sae 
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' ponents concerned in the two circuits are given in Figs. 9 and 10 to function as described, but if it is omitted a sharp negative pulse 


| for a sweep of 330 microsec duration. appears at the emitter of T, when the regenerative action of the 
In both circuits the collector load impedance of T, should in comparator transistor ceases. 
practice have negligible effect on the emitter-follower input Fig. 12 shows actual emitter-potential waveforms of T, for the 


impedance and voltage gain. The voltage developed across L, present circuit and for the monostable circuits described pre- 
_ during the sweep may be regarded as a slight change in the 
, collector supply potential, while the effect of R, may certainly 
' be ignored, provided that it is much smaller than rhe), 
i.e. less than 1 kilohm. 

It should finally be emphasized that the monostable circuits 
) are subject to the same considerations as the gated circuits with 
regard to the recharging of the coupling capacitor C, between 
1 sweeps. The measures discussed in Section 3.3 may be employed 


: to reduce the necessary recharging time to a minimum. 


(5.1) Blocking Oscillator Comparator as a Means of Increasing 
Timing Precision 


In certain practical applications it would be very desirable to 
eliminate, so.far as possible, any delay between the termination 
; of the sweep and initiation of the flyback process. If this can Fig. 12.—Oscillograms of emitter-potential waveforms of T, for the 


be done the flyback begins the moment the sweep (e.g. emitter monostable circuits. 

; - iz 5 aye (a) Resistance only as collector load of T; (Fig. 9). 
potential of emitter: follower) reaches a certain reference potential ; (6) Resistance and inductance as collector load (Fig. 10). 
the occurrence of the rapid rise of the emitter potential and the (c) Sweep terminated by comparator (Fig. 11). 


duration of the collector rectangular waveform of the emitter- 

follower are then precisely timed by the linear emitter rundown. viously. The sweep duration in the last two cases is 330 microsec 
4 blocking oscillator comparator may conveniently be employed and its amplitude is 6 volts. The distinct delay between the end 
' sor this purpose with little additional complication of the circuits of the sweep and the beginning of the flyback in the first circuit 
- already described. Many circuit arrangements are possible, and described (Fig. 9) is evident, and the reduction of this delay by 
- a typical example is given in Fig. 11, in which a p-n—p junction — the collector load inductance (in Fig. 10), and its almost complete 
elimination by means of the comparator, are clearly illustrated. 


(+) 


(6) ASTABLE CIRCUITS 


The monostable circuits described in the previous Section are 
Vr ae readily made astable by arranging the switching transistor T, to 
have a cut-off d.c. state. For example, referring to the circuit 

in Fig. 11, if R, and C, are removed and D; is short-circuited, 

T> has a cut-off steady state, because its base is returned to the 

i © positive bias potential V,,. While T, is cut off C is charged by i 
and the linear sweep is generated. When the comparator 

transistor T; fires, the sweep terminates and flyback is initiated, 
T, being turned on by the potential developed across the pulse- 


Co O fs transformer winding N3. T>, is cut off again at the end of the 

it regenerative action of T3; and the next sweep commences. The 

Fig. 11.—Precision monostable circuit employing a blocking-oscillator period of oscillation AS composed of the charging duration of C 
comparator. and the discharge period while T, is held ‘on’ by the comparator. 


The duration of the sweep at the emitter of T,, however, depends 
transistor (T;) is employed in the comparator. The circuit on the rapidity of recharge of the coupling capacitor C,; if the 
action is as follows. While the sweep is taking place, with the period of discharge of C is insufficient for recharge of C,; with the 
‘emitter potential of T, positive with respect to the reference emitter bias potential V, provided, T; is cut off for an initial 
potential V,, the comparator transistor T; is cut off; collector portion of the charging period of C and the sweep at the emitter 
‘leakage current of T; flows in the reverse direction through the of T starts with a delay, as shown in Fig. 6. Such a delay may 
{germanium diode D4, causing little potential drop across it, so be avoided, as previously discussed, by provision of sufficient 
that the base potential of T; and the emitter potential of T,; recharging current for C; via R,, or by employing an additional 
are approximately the same. When the emitter potential of T; switching transistor for recharging purposes. Should either of 
Teaches V,, emitter current of T; flows and the comparator fires. these measures be inappropriate, and a sweep delay be unim- 
The potentials developed across the pulse-transformer windings portant, the starting potential of the sweep at the emitter of T, 
cause the emitter potential of T, to rise and the base potential may if desired be defined conveniently by a catching diode which 
of T, to fall rapidly, while at the same time the collector potential prevents the emitter potential from rising above a suitable level 
i T; rises to almost the reference level. Thus, simultaneously, (such that adequate time is allowed for recharge of C;). 
uke emitter potential of T, is made to rise both by the direct Typical waveforms for the astable version of the circuits shown 
i action of the comparator via D, and by the normal switching in Fig. 11 are given in Fig. 13: in (a) C, is recharged solely via 
| aetion of T, initiated by the voltage developed across the pulse- R,, and a catching diode sets the sweep-starting potential; in (5) 
-qansformer winding N;. It should be noted that, while the the recharge of C, is assisted by a switching transistor and the 
> ¢»mparator is turning on T>, the diode D3; remains conducting. starting level of the sweep at the emitter of T, is defined by a 
‘4 point of interest is that D4 is not essential for the comparator low resistance in series with the integrating capacitor C. 
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Fig. 13.—Sweep-potential waveforms for astable versions:of the circuit 
shown in Fig. 11. 


Sweep duration, 300 microsec; amplitude, 6 volts. 
(a) C; recharged by Re only. 


(b) C; recharged by switching transistor. 


; 
ie ; 
CRY. 
(6) : 

Fig. 14.—Astable circuits. 


(a) Using two p-n-p transistors. ; 
(6) Using a p-n-p and an n—p-n transistor. 


Much simpler astable circuits are possible. For example, two 
circuits are shown in Fig. 14, in which the roles of the switching 
and comparator transistors are combined. In Fig. 14(a) two 
p-n-p transistors are used; the pulse developed across pulse- 
transformer winding N3 discharges the integrating capacitor C 
when the comparator transistor T, fires. As mentioned pre- 
viously, the purpose of D, is to prevent a negative pulse appearing 
at the emitter of T, when the regenerative action of T, ceases. 
D; should be of high reverse impedance, to avoid impairment of 
sweep linearity. The circuit shown in Fig. 14(d) is even more 
simple as a result of using an m—p-n transistor as the comparator. 
The action is very similar to that of the previous circuit: when 
the base of T, reaches the reference potential V,, the sweep is 
terminated by the firing of T,, the emitter current of which then 
discharges C. The first circuit has an advantage, however, in 
that when T) fires its base current assists the current supplied 
via R, in the process of recharging the coupling capacitor Ce 
As in previous circuits, the amplitude of the emitter-potential 
waveform of T,; depends upon the efficiency with which C, is 
recharged after the sweep. 
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It is worth pointing out that, although in all the circuits dis- 
cussed attention has been focused on linear voltage-sweep 
generation, both emitter and collector currents of the emitter- 
follower change linearly during the sweep and the latter may 
conveniently be used as a linear current-sweep waveform. For 
example, the astable circuits described above could be used as 
time-base oscillators for a cathode-ray tube with magnetic 
deflection, the deflection coil being inserted in the collector lead 
of the emitter-follower; the maximum linear current swing in the 
coil will be defined by the minimum value of R, that can be 
employed for a specified linearity and the dissipation rating of 
the transistor. 


(7) HIGH-FREQUENCY CONSIDERATIONS 


In the previous Sections it was assumed that the frequency- 
dependent parameters of the transistors could be neglected, i.e. 
the sweep durations were supposed to be sufficiently long for~ 
the effects of initial transients at the beginning of the sweep to be 
negligible. Initial transient effects do, however, occur owing to 
both the emitter-follower and the switching transistor: the 
emitter-follower exhibits transient properties of voltage gain and 
input impedance in response to an input-potential disturbance, 
while the switching transistor takes finite time intervals to be 
turned off and on. These effects set definite limits to the mini- 
mum sweep duration for a given desired sweep linearity, but with 
currently available transistors it is nevertheless possible to obtain 
quite fast sweeps of good linearity. 


(7.1) Transient Properties of the Emitter-Follower* 


It has been shown by Moll4 that, when used as a voltage © 


amplifier, the transient response of the emitter-follower is good, 
both as regards voltage gain and input-current response. In 
response to an input-voltage disturbance, both the output voltage 


f 
} 


| j 
{ 
i 
| 


t 
i 
| 


pe eee 


and the input current exhibit relatively fast transients involving — 
time-constants of approximately 1/27, (where f, is the « cut-off — 


frequency). Moreover, in the present applications the transients 
concerned (i.e. those excited at the beginning of the sweep 
process) are not only of short duration, but also of a minor 
nature, as may be seen from the following discussion. 

The high-frequency or transient properties of the emitter- 
follower may be analysed with good accuracy in terms of the 
approximate equivalent circuit of the transistor shown in Fig. 15. 


Fig. 15.—An approximate equivalent circuit of the junction transistor. 
ro = rei + roo; % = &o/(1 + JfifQ) 


C, is the collector capacitance, r,, is the extrinsic base resistance, 
and in operational terms 


Xo 


T alee elon 


where w, = 27f,. 


(26) . 


The presence of C, will initially be ignored, since its effects — 


are (as shown later) quite negligible in most bootstrap circuits. 


* Only the basic form of emitter follower, employing a single transistor, is discussed. 
It is readily seen that the composite emitter-follower exhibits similar but somewhat more 
prolonged transient effects. 


hus, substituting the above operational expression in eqns. (7) 
and (9), the effects of transient properties of emitter-follower 
voltage gain A and input impedance Z,, arising from « alone, 
ay be seen; these effects will be considered separately. 

From eqn. (7) it may be shown that 


1 
A=A,+(A Ae. Z 
Ao ~ 4) T5 (27) 
avhere 
Ay = Low frequency voltage gain 
R 
= Mma. a nos) 
R, as Ye a a a R, Ng rl = at) | 
c 
R 
A, = Value of A eS es Se aa eine Sere (29) 
pe Ree oe ER, Feo 
€ 
Ax 
and 3 fre As . . - . . . (30) 
) where A,, < Ap 
Thus, ifr, < R, and R, < r,, 
R, 
Oi oR er, (31) 


lf the base potential of the emitter follower falls perfectly linearly 
at the beginning of the sweep, the emitter potential falls initially 
with a voltage gain of 4,,, settling down to fall with the steady- 
‘state voltage gain of Ap with a time-constant of 1/wy, as illustrated 
iin Fig. 16(a). Now with typical values of R, and rz, w; ~ wz, so 


(a) 


(b) 


, 


Ay, GEFs 
ts (C+C!) wo 


Fig. 16.—Transient distortion of the sweep waveform. 


(a) Due to A, assuming v perfectly linear. 
(b) Due to Z; only. : : 
(c) Due to C, only, assuming vp linear. 


that this transient is quickly over; in addition, the transient does 
vot result in serious distortion of the emitter-potential waveform, 
hecause A,, is not much less than Ap. For example, for a 
type OC71 transistor with R, = 10 kilohms and f, = 500 ke/s, 
4, ~ 0-9 and 1/w, ~ 0:3 microsec. The transient may be 
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regarded as completed in three time-constants, or approximately 
lmicrosec in the above example. Thus, if the sweep is of 
amplitude V, and duration ¢,, the error in final amplitude due 
to the voltage-gain transient response is approximately 


Ve sen, Baal 'p 
ts Wy, ty (rp at R,)we 
As a result of transient properties of the emitter-follower input 
impedance, slight distortion of the base-potential waveform at 


the beginning of the sweep is introduced. Substituting the 
expression of eqn. (26) for «, the input impedance may be written 


(32) 


2, = ty relaeioee (33) 
ify am I +7.(1 een Ae ) 
‘brs pl. 
Neglecting r, compared with R, and rearranging, gives 
Z, 2 %y + : i (34) 
Afri 5 
saa, 1/R’ + pC’ 
where Ra woe 
] = Xo 
(5) 
eas WyR,% 


giving the equivalent input circuit shown in Fig. 17 for the 
emitter-follower. Thus, in terms of this equivalent circuit, in 


Fig. 17.—Equivalent input circuit of the emitter-follower, based on 
Fig. 15 with rz neglected and C, omitted. 
aoRe ‘ 1 


re Pa Gere 
R 1 — &’ Wy RexXo 


response to an input voltage stimulus (i.e. applied from a perfect 
voltage source) the input current i; settles down to a steady state 
after a transient involving the charge of C’. From the com- 
ponent values in Fig. 17, it is clear that C’ charges with a time- 
constant 1/w, of almost exactly 


1 1 
— = ERIC (rgb) = (36) 
wW2 ad) : 


SARE) Gye rte 
and therefore the input-current transient is of very short duration 
—approximately the same as that of the voltage-gain transient 
above. In the bootstrap circuit it follows that, provided the 
integrating capacitor C is such that C s C’, the transient input 
current still involves the above time-constant. In practice, C’ 
is very small (e.g. if R, = 10 kilohms, C’ ~ 30 pF for a type OC71 
transistor) and would usually be much less than C. It is also 
evident that transient variations of 7; at the beginning of the. 
sweep are of only minor importance: when the charging current i 
is diverted from the switching transistor, it initially flows wholly 
into C; in the steady state C’ charges almost to base potential, 
so that the effective integrating capacitance is slightly less than 
(C+ C’). The rate of change of base potential is initially 
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somewhat higher than in the steady state, as shown in Fig. 16(0). 
It should be noted that this effect is in opposition to the distortion 
caused by transient voltage-gain variations, although the latter 
would usually predominate. Again assuming a sweep of ampli- 
tude V, and duration f,, the error in final base potential of the 
emitter-follower due to transient input current is approximately 


Kio) tee. 


ati i ae ; (37) 
FCC) Clem Ele 


Finally, the effects of collector capacitance need to be con- 
sidered. Referring to Fig. 16(c), if a voltage stimulus is applied 
to the base of the emitter-follower, the collector capacitance 
charges with a time-constant of almost exactly r,,C,. Thus, if 
the f,, of the transistor were infinite, the emitter-follower output 
potential, v, would also respond with this time-constant, as 
shown in Fig. 15(c). However, r,,C,. is usually so much 
smaller than the time-constants associated with f, above (e.g. 
rpC, ~ 0-01 microsec for a type OC71 transistor) that the effects 
of C, on the sweep waveform are usually quite negligible. The 
collector capacitance imposes a further limitation on the boot- 
strap circuit, namely on the maximum possible rate of change 
of sweep output potential for a given charging current i. The 
reason for this is that the minimum effective integrating capaci- 
tance possible (when C = 0) is the input capacitance C; of the 
emitter-follower, where 


C; a Cc. a G . (38) 


(7.2) Limitations of the Switching Transistor 


The speed of operation of the switching transistor is governed 
by three main factors: the cut-off frequency, f,, of the transistor, 
the available base driving current for switching the transistor off 
and on, and the minority-current-carrier storage effect. For 
rapid switching-off action minority-current-carrier storage must 
be avoided, otherwise the transistor turn-off and the beginning 
of the linear sweep are delayed by the storage time. This effect 
may be eliminated using a catching diode to prevent the collector 
bottoming;-as shown in Fig. 18. As shown by Ebers and Moll,5 


9+1V +15V 
1.) 
O-02pF | eS 
Loh =e eae Tp 
10 kQ 5 & 
mai 
18) 
—1V or more ) 
5 roi 


Fig. 18.—Fast sweep circuit. 


All diodes type CV448 or equivalent. 
For | microsec sweep C = 220pF. 


with minority-current-carrier storage absent it is possible with 
adequate base driving current to turn a heavy collector current 
(e.g. several milliamperes for a few milliamperes of base driving 
current) either on or off in a time interval of less than1/f,, seconds. 
Thus, with a transistor having f, = 500kc/s, a large collector 
current may readily be switched on or off in less than 1 microsec. 
Using high-frequency transistors these times may be considerably 
reduced. With a suitable base-driving-current waveform, the 
cut-off process may actually be made the faster of the two 
switching actions, assuming minority-current-carrier storage to 
be avoided in the on state. As a result of the comparatively 
gradual diversion of charging current i into the integrating 
capacitor, the onset of the sweep waveform (e.g. emitter potential 
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of emitter-follower) tends to suffer distortion of a nature similar 
to that illustrated in Fig. 16(c). 


(7.3) Examples of High-Speed Sweep Circuits 


Fig. 18 shows a bootstrap circuit capable of generating a sweep 
of approximately 1 microsec duration and 3 volts amplitude in 
response to a gating waveform. The amplitude of sweep was 
deliberately limited to 3 volts in order to be able to employ 
type SB100 surface-barrier transistors in the circuit. Using 
type OC71 transistors for both switch and emitter-follower, the 
sweep waveform shown in Fig. 19(a) resulted; the initial transient 


Fig. 19.—Sweep waveforms of the circuit of Fig. 18 using low-frequency 
and high-frequency transistors. 


Sweep amplitude is 3 volts in all cases. 

The instant at which the gating waveform is applied is indicated by a small spike 
in the oscillogram. 

(a) 1 microsec sweep, using two type OC71 transistors. 

(6) 1 microsec sweep, using type SB100 transistor as switch and type OC71 transistor 
as emitter follower. 

(c) 1 microsec sweep, using two type SB100 transistors. 

(d) 0-2 microsec sweep using two type SB100 transistors. 


distortion of the sweep is illustrated, as also is the relatively slow 
turn-on process of the switching transistor at the end of the 
sweep. Fig. 19(b) shows the effect of using a surface-barrier 
transistor for the switch, while Fig. 19(c) shows the sweep wave- 
form with a surface-barrier transistor also employed for the 
emitter-follower. In the last case no transient distortion of the 
sweep is seen; this is to be expected, since the value of f, for the 
transistors used was approximately 50 Mc/s, while r,, and Ca 
were about 250 ohms and 3-S5pF respectively. A much faster 
sweep is shown in Fig. 19(d), again using two surface-barrier 
transistors; the sweep duration was 0-2microsec, and on this 
time scale transient distortion of the sweep is revealed.* 


(8) CONCLUSIONS 


The junction-transistor emitter-follower amplifier stage is very 
suitable for application in the bootstrap type of linear sweep 
generator; certainly as regards voltage gain, it is superior to the 
thermionic-valve cathode-follower, gains exceeding 0-99 being 
readily obtained. Sweeps deviating from linearity by consider- 
ably less than 1% appear to be possible with sweep-voltage 
amplitudes approaching the full collector h.t. potential of the 
emitter-follower. Although measurements of sweep linearity are 
not described in the paper, such measurements have been carried 
out and have confirmed the theoretical predictions for both the 
basic and the compensated bootstrap circuit. Moreover, observa- 
tions made with a range of transistors have shown that typical 


* The waveforms shown in Fig. 19 were recorded using an oscillograph with a 
minimum displayed rise time of 12 millimicrosec 


variations in transistor properties between samples have only 
second-order effect on the sweep linearity. Using the com- 
pensated sweep circuit, linearity figures of the order of 0-1 
: appear to be feasible in practice. Association of the basic sweep 
( circuit with a comparator of blocking-oscillator type results in 
very accurate definition of a time interval: monostable versions 
of the bootstrap circuit, in which the circuit is reset at the end of 
| the sweep by the firing of a comparator, have precise timing 
« action and are particularly suitable for such applications as delay 
| generation, time modulation and amplitude-to-time conversion. 
‘ Well-defined astable operation of the bootstrap circuit is also 
| feasible. 
A variety of useful waveforms are obtainable from the boot- 

‘ strap circuits described, in addition to the linear sweep: rect- 
‘ angular waveforms timed by the sweep are generated at several 
| points, e.g. across a collector lead impedance added to the 
‘ emitter-follower, while sharp delayed pulses may conveniently 
| be taken from a blocking-oscillator comparator. If it is desired 
| to derive output waveforms from the circuit without introducing 
| loading effects, an emitter-follower buffer stage may conveniently 
' be used for the purpose; by the inclusion of a small collector 
| load resistance, antiphase waveforms are available at the emitter 
‘ and collector of the stage. 
The actual amplitudes of the sweeps discussed are all small (a 
' few volts), being limited by the collector-emitter potential rating 
of the transistors employed. Much larger sweep amplitudes are, 
| however, possible with present transistors; for example, certain 
' types would allow amplitudes of up to 30 volts to be generated, 
_ and there is no reason why with future transistors (e.g. of p—n—i-p 
type) much greater amplitudes should not be possible. 

It has been seen that the minimum sweep duration possible for 
_ good linearity is limited by initial transients involving time- 
constants of the order of I/w,. Thus, even with low-frequency 
' transistors (e.g. f,, = 500kc/s) initial transients occupy less than 
_ the first microsecond of the sweep. With high-frequency transis- 
tors very-short-duration sweeps are possible, and with surface- 
barrier transistors (/f; = 50 Mc/s) good linearity is possible with 
‘ sweeps as short as 0-Smicrosec. In such circuits sweep speeds 
of up to about 15 volts/microsec are readily obtained. Far 
higher sweep speeds should be possible with forthcoming types 
_ of transistor as a result of improvements in both high-frequency 
properties and collector voltage rating. 
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(11) APPENDIX 


(11.1) Improvement in Sweep Linearity by Compensating 
Feedback 


If C, is infinite, the output impedance negligibly low, the back- 
resistance of D,, D, and the impedance of the switch infinite, 
the circuit shown in Fig. 8 may be simplified as shown in Fig. 20. 


Fig. 20.—Equivalent circuit of the compensated bootstrap sweep circuit. 


Solving the mesh equations for the base input current i, in 
eperational form, 


(p + &) 


i, 2 VRC, ar Cy) (39) 
: C,C,RR; pp? + bp + 0) 
1 
where = ——_. . (39a) 
PRG EEC) 
C,CpRR2R; : 
_RGQ—A+R (39) 
C,C,RR>R; 
= are V.RAC, + CG) (p + a) 
= ERs 40 
while 6, = i,R; CCR Bee Ree (40) 
2 
where ha 2 - WG — c) (40a) 
b 2 
and as = 5+ n (F- c) (40b) 


Solving for v; by inverse transformation and neglecting terms 
of powers higher than #3 in the series expansion of the exponents 
involved, gives 


UAC es { {2 


v; 5 (3 + og — 4) 


ee, 


: CGR 
3 
ar 3104 + (a3 + a)(a, — oa} (41) 
The condition for #2 term to be zero is then, from eqn. (41), 
03; +o, —a,=0 (42) 


Substituting the values of «1, «. and a3 and solving eqn. (42) for 
Ry, gives 


C,RR{AC, — C,4 — A)] 


pe : 43 
2= (6 + GRR — A) (43) 
ifC,=C, 
R(i — 26) 
Ree ee ee 44 
2 4(§ +k) sa 
where 6 = 1 — A andk = R/R; 
If 6 is very small compared to unity 
R 
ee (45 
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Thus, if A is close to unity and C, = C, = 2C, eqn. (45) gives 
the appropriate value for R>. 

If the chosen value of R, does not reduce the quadratic dis- 
tortion to zero, the percentage non-linearity, ¢, due to this term 
is given by 


e= ae — 4(2 +z) + = Es _ (46) 
~ AT(5 + k— ze) (46a) 


where T = CR, since, in practice, R < R. 

If the value of R completely eliminates the error due to the 7? 
term, the non-linearity is entirely due to the cubic term and is 
given by 


50 k 2 ri 2R pki ° 
a DS) Ec me - Ko: i |% _ @D 


In practice, the error due to the f? term is found to be very small 
indeed and it is reasonable to assume that any non-linearity 
present is due to the f? term introduced by variation of 6 and k 
during the sweep after R, has been evaluated for particular values 
of A and R; at a definite operating point. 

Ignoring the ¢* term and assuming that R, has been chosen 
to reduce the ¢* term to zero for particular values of A and R;, 
the distortion introduced by small variations in A and R; may 
be evaluated by partial differentiation of eqn. (46) with respect 
to A and R,, giving 


eas “7 (54 a ee a (48) 


again assuming R, + R, where 5A and 6R; represent incremental 
changes in A and &; respectively. 


[The discussion on the above paper will be found on page 333.] 
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The basic equations for the current gain, y, A and R; are 


as Ve 
Yo re +R +rdl—@) 


vie. yR. 
ts es Bo 


R= +yR = YR 


It will be seen that the only variable parameter of any significance 
is the current gain, y. A percentage variation in y results 
identical variation in R;, whereas its effect on 4 is significan 
smaller. Differentiating eqn. (495) with respect to y a 
rearranging, gives 


and 


5A Ty dy 
A +R) 
neglecting r, compared to R,; and from eqn. (49c) we get 
5R; dy 
RY 
Hence the percentage non-linearity due to the ¢* term introduced — 
as a result of variation in transistor parameters is given by 


4 | Ar, 


 T yl@+R) 


Substituting typical transistor parameters, a variation of y by 
20% or less over the sweep duration and between differen: 
transistors seems to be reasonable; in the example given in Sec- 
tion 3.4.1 the deviation from linearity [estimated from eqn. (12)] 
at the end of the sweep should not exceed 0-14%. 
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SUMMARY 


Resonant oscillators using transistors provide a suitable means for 
| the conversion of d.c. into a.c. power, in particular where a reasonably 
: sinusoidal output voltage is required. 

For the design of such oscillators, the current-amplification factor, 
the fraction of the cycle during which collector current is permitted 
to flow and the feedback conditions have to be considered. The 
maintenance equation correlating these factors is derived, and an 
; angle-of-flow chart is described, by means of which sets of values of 
the amplitude of oscillation, the current amplification of the transistor, 
the amount of feedback and the fraction of the cycle (flow angle) 
during which collector current is flowing, simultaneously fulfilling the 
maintenance equation, can be readily determined. Practical oscillator 
design must take into account the non-linearity of the transistor 
circuit which has to be incurred in order to ensure correct amplitude 
limiting of the oscillator. Deviations from sinusoidal operation 
sesulting from this as well as from other causes are considered in some 
detail, and graphical methods are described for the quantitive assess- 
ment of oscillator performance. These methods are based on Lienard’s 
construction which, suitably extended, provides a convenient means 
of predicting the amplitude, output waveform, frequency and other 
performance data of the oscillator. 

_ The design of a Class B oscillator is described in detail and illustrated 
by means of a practical numerical example. Calculated data agreed 
well with practical measurements. 


LIST OF PRINCIPAL SYMBOLS 


a’ = Base-collector current-amplification factor. 

B = Half-angle of current flow. 

1 = Efficiency, taking account of the transformer and 
base circuit losses only. 

w = Angular frequency of operation. 

B, = Fourier coefficient of the fundamental component 
of the clipped cosine wave (clipped during the 
periods +f off the negative peak value). 

D = Factor of under-damping. 

G = Total effective conductance. 

Gy = Conductance of the active circuit. 

G,, = Conductance of the load. 

Iz, I¢ = Base and collector currents, respectively. 
i B I. = Peak value of the base and collector currents, 
respectively. 
Ipp, [cy = Fundamental component of the base and collector 
currents, respectively. 
ip, ic = Instantaneous _ base 
respectively. 
— Instantaneous value of the fundamental component 
of the base and collector currents, respectively. 
Ipp» Inc = Standing-bias base and collector currents, 
respectively. 
Maximum permissible collector current. 
current through the 


and collector currents, 


lpr, lCF 


Iv == 

i, = Instantaneous 
branch. 

i, = Fictitious current. 


inductive 
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k,, kz = Secondary/primary and tertiary/primary turns 
ratio, respectively. 
L,, L3; = Primary and tertiary inductance, respectively. 
M = Maintenance factor. 
N,, N2, N3 = Number of primary, secondary and tertiary turns, 
respectively. 
R = Effective dynamic resistance. 
R, = Collector-emitter resistance of the 
transistor. 
Ry = Base-circuit external series resistance. 
Ri, = Transistor input resistance (forward). 
R,, = Resistance of the load. 
Ro = Base bias resistance. 
Ry = Signal transfer resistance. 
Ry = Effective forward base circuit resistance. 
R,, Ro, R3 = Resistance of the primary, secondary and tertiary 
winding, respectively. 
folie: 
V = Battery supply voltage. 
Vz = Amplitude of the base voltage. 
Vp = Amplitude of the fundamental component of the 
base voltage. 
Viz = Maximum permissible collector voltage. 
Von = Base bias voltage. 
V,, V2, V3 = Primary, secondary and tertiary winding voltages, 
respectively. 
Vp, Vc = Instantaneous 
respectively. 
V;, V2 = Instantaneous primary and secondary winding 
voltages, respectively. 


saturated 


base and collector voltages, 


(1) INTRODUCTION 


The ability of junction transistors to operate with low supply 
voltages, combined with the considerable power gain obtainable 
even at high operating currents, permits the design of oscillators 
for the conversion of direct into alternating current. A wide 
range of power levels is available for useful operation, ranging 
from below 1 1W up to tens of watts, with output voltages up to 
several thousand volts. 

If a sinusoidal output is required, a resonant oscillator is 
generally most suitable. A transformer is used, and a resonant 
circuit is established for frequency control, energy storage and 
filtering of harmonics. 

The principles of operation for such an oscillator are considered 
in the paper, and design formulae are derived on the basis of 
suitable approximations. The condition for maintenance of 
oscillations is expressed in the form of a simple equation, and the 
correlation between the current gain of the transistor, the feed- 
back round the loop and the fraction of the operating cycle during 
which current is flowing through the transistor, is represented in 
graphical form. In a practical oscillator, deviations from sinu- 
soidal output have to be expected, and use is made of graphical 
methods based on Lienard’s construction, in order to assess the 
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effect of non-linearities in the circuit and to predict the output 
waveforms produced by the amplifier. Finally an example is 
given to illustrate the use of the design principles and the formulae 
derived in the paper. 


(2) ANALYSIS OF SINUSOIDAL OPERATION 


(2.1) General Considerations 


The design of a transistor oscillator has to take into account a 
number of considerations—such as the non-linearity of the 
transistor as an amplifying device—which preclude accurate 
analysis. But, on the basis of following assumptions, it is 
possible to carry out a simplified analysis and to derive useful 
design formulae: 

(a) The inductances of the transformer windings are constant 
over the range of operation, the coupling factor between the windings 
is unity, and the stray capacitances can be considered as part of 
the tuning capacitance. : 

(6) The losses in the core, windings, dielectric, etc., can be con- 
sidered as part of the damping resistance. eee 

(c) The transistor is a perfect’current amplifier within the fre- 
quency range under consideration, i.e. the collector current ic 
produced by a base current ig follows the law 

elete Ue ee ene eae eee GD) 
where «’ is a real number. The value of «’ at peak current can be 
used to approximate the current gain during the whole period of 
current flow. 

(d) The base input resistance of the transistor is finite and constant 
for base-emitter voltages in the forward direction and infinite for 
base-emitter voltages in the reverse direction. 

(e) The leakage current J,9 can be ignored. 


(2.2) Basic Principles of Operation 


The circuit arrangement of a transistor oscillator for power 
conversion from direct to alternating current is shown in Fig. 1. 


Fig. 1.—Circuit of oscillator. 


Oscillation is possible in the vicinity of the resonant frequency of 
the tank circuit, provided that the damping is sufficiently low and 
the loop gain sufficiently high. 

A base bias resistance Ry determines the d.c. operating point 
of the oscillator. If this is omitted, the transistor operates in 
Class B conditions because current flows in the collector circuit 
only when the base is positive with respect to the emitter. 

Forward bias, as shown in Fig. 1, provides a standing base 
current and a standing collector current, moving operation 
towards or into Class A conditions. 

If Ro is connected between the base terminal and a supply 
point of negative potential, operation is moved into Class C 
conditions. 

Fig. 2 shows the collector characteristics of the junction 
transistor. Fig. 3 shows the variation of the current-amplifica- 
tion factor, «’, of the transistor as a function of the base current. 
In the.actiye region of its characteristics, the output impedance 
of the transistor is usually very high in comparison with the 


OAKES: DESIGN CONSIDERATIONS OF JUNCTION-TRANSISTOR OSCILLATORS FOR 


RESISTANCE 
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Fig. 2.—Transistor characteristics for common-emitter connection. 
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Fig. 3.—Dependence of current-amplification factor upon base 
current. 


«’ against Ip. 
—--- Ig against Jz. 


dynamic resistance of the resonant circuit. Thus the current 
through the primary winding will be controlled by the transistor, 
and the voltage across it will be controlled by the resonant circuit, 
so long as the transistor does not saturate. 

The d.c. conditions are determined by the characteristics of the 


transistor. The base bias current is 
V 
fin AO 
8 RB (2) 
and the bias voltage is 
ee 
lope Ga Se ee eee 
$e; Rin oh Ro @G) 
where R, a Ri ( Rg a R)) (4) 
R;,+ Rgt+ R, 
Re 
Thus lf ee aes 
4 (Rin + Ro) Rin oS 


The instantaneous values can be derived by consideration of 
the conditions in the base circuit. The instantaneous base 
current comprises the current via the bias resistor Rg as well as 
the current via the series resistor Rg. 


= ipRin, a py = ipRin 
Ro Rp + Rp 


Thus in = 


(5) 


Solving for ig, the following expression is obtained: 


R, — R v 
a: Dae eg Ms 0.0) 


(Bias term) (Signal term) 


» where Ry; = = Rz + Rs - Rin, + RRs + R>) 0 A (8) 


If a voltage 
Unre=t VCOS Ct = cue Fl)! (9) 


is induced in the secondary winding, it will produce.a current 
into the base of the transistor, which can be described by the 
equation 


4 Rg + Ry cos wt 
inp A V. one saat 
B RR, + V2 Rp (10) 
during the period of forward voltage, and by the equation 
ip =0 (11) 


for the period of reverse voltage. 

The portion of the cycle during which base current is flowing 
according to eqn. (10) can be characterized by an angle 2f, as 
shown in Fig. 4. Consequently, 8 is known as the ‘half-angle 


Fig. 4.—Clipping and flow-angle conditions. 


of flow’. Class AB conditions are illustrated, and base current 
i is flowing except for a short cut-off period (27 — 2f)/w. 


(2.3) Derivation of the Maintenance Equation 
On the basis of the foregoing assumptions, a maintenance 
: criterion can now be derived. 
The clipped base-current wave of Fig. 4 can be represented by 
. a Fourier series, the fundamental component of which is given by 


ee) OMe HON Go} 
Rr 


where B, is the Fourier coefficient for the fundamental wave with 
unity amplitude of the clipped function, 

1 
Le. B, = 57 28 — sin 2f) (13) 


The clipped base current produces a clipped collector current, 
the fundamental component of which is given by the equation 


(14) 


Owing to the action of the resonant circuit, a sinusoidal voltage 
i i produced across the primary winding, namely 


| a V>B 
0, = Ricr = R—— cos wt 
T 


. /s 
lcr = AIpr 


(15) 
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where R is the dynamic load resistance, and is calculated as the 


parallel combination of the various reflected load, circuit and 
loss resistances: 


epee ah I 

Rata Roan Ato) 

1 
Ri = —(R? + w?L2) (17) 

1 

RoR; 

RAR, & CIELO) at AOR OLS 
2= Rot Rpt Roe (18) 
R,=R3; + R, (19) 


which are the appropriate combinations for the primary, 
secondary and tertiary windings, respectively. 
The secondary voltage becomes 


= V,cos wt = kv, (20) 


Introducing eqn. (20) into egn. (15), the following relationship 
is obtained: 


v1,= ge (RB yak) E48) 
T 
In order to sustain oscillations, the loop gain must be unity, 
i.e. eqn. (21) must be fulfilled. In other words, a criterion for 
maintenance of oscillations is that the current gain must be (at 
least) equal to 


Rr 
(esp eeee = 22 
RkoB, (22) 
This equation can be written in full as 
Rp + R2 + Ry, + RRs + Ra) 
a’ = 27— (23) 


k,R2B — sin 7) 


which, in turn, can be rewritten as the simple maintenance 
equation 
«’ByM = 1 (24) 
Where M is a maintenance factor given by 
k,R 
M = 2 (25) 


Rp RychiRy + RRs + Ro) 
M can usually be assumed to be fairly as as well as inde- 
pendent of the operating point of the transistor. 

a decreases with increasing amplitude, which means that a 
given oscillator produces less output as the angle of flow is 
reduced, and will stop oscillating when the obtainable amplifica- 
tion factor «’ no longer satisfies eqn. (24), at the angle of flow 
reached. 

The oscillator is self-starting only if eqn. (24) is fulfilled at the 
condition of switching on. It must be realized that the current- 
amplification factor of a transistor at very low current levels may 
be smaller than that at normal operating currents. 


(2.4) Angle-of-Flow Diagrams 

A graphical method is described in this Section which correlates 
the required current amplification, maintenance factor and angle 
of current flow with the amplitude of the oscillation produced 
and with the required bias conditions. For this purpose, the 
maintenance conditions are represented in the (pz — /p;-)-plane 
by means of loci for constant values of the parameters involved. 

If Vz is the amplitude of the base voltage and /, that of the 
base current that would be established in the form 


iz co Iz cos wt (26) 
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without clipping, and in accordance with the signal term of 
eqn. (7), the bias current follows from inspection of Fig. 4 as 


lop es Ip cos 8 (27) 


The corresponding amplitude of the fundamental component 
of the clipped wave is therefore given by the equation 


Combining eqns. (26)-(28) it follows that 
Top cos B 27 cos B 


R;,, is assumed to be constant for forward base voltages, and 
therefore the voltages Voz, Vgyz and Vz are proportional to the 
currents Ip,, [z-and Ig respectively. The relationships presented 
for the currents therefore apply, analogously, to the voltages also. 

Eqn. (29) indicates that the ratio between the fundamental 
component of the clipped current J, and the bias current Jog is 
constant for any fixed value of the half-angle of flow B. Loci 
corresponding to such fixed values of 8 can therefore be found 
simply by drawing straight lines through the origin of the 
(og — Ipp)-plane. To calibrate these loci in terms of fixed 
values of f, values for B,/cos B were calculated and a set of 


<CLASS C CLASSB CLASS AB —> 


Ae of 


Fig. 5.—Basic angle-of-flow chart. 
radial lines was drawn in Fig. 5, calibrated in terms of 6 and 


used as the basis for the construction of an angle-of-flow chart. 
It follows from eqns. (13), (27) and (29), that 


‘i 
aE pear Ae Le 
B B 


(30) 


It is therefore evident that for every fixed value of Ip, Ipp will 
appear as a function of Jp,. This function can be calculated 
point by point for various values for 8 and hence B,, and it 
can be plotted as a curve in the Ipz-Ip, plane. The curve will 
then be a locus of points in this plane for which J, is constant. 
Eqn. (30) shows that a family of curves correlating I,, with 
Jog for constant parameters Iz can be obtained from any 
known curve of the family by symmetrical transformation with 
respect to the origin. Thus a curve for the amplitude of the 
unclipped wave Iz = SmA can be obtained by halving, or for 
Tz = 20mA, by doubling, the distance from the origin along a 
radial line through a number of points along an original curve 
for Ip = 10mA. 

Fig. 5 shows a family of such curves, each being the locus of 
points for a constant value of Jp. 

The basic angle-of-flow chart shows that in the region of 
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negative bias the half-angle of flow is less than 90° (Class C 
operation), and that for a given amplitude of the wave, the 


1 


amplitude of the fundamental component of the clipped wave is | 


comparatively small, decreasing rapidly with decreasing angle of 
flow, i.e. with increasing negative bias. 

Zero bias corresponds to a half-angle of flow of 90°, i.e. pure 
Class B operation. The region between the vertical axis and the 
radial line for 8B = 180° corresponds to Class AB operation. A 
further increase in positive bias has no effect on either the angle 
of flow or the ratio I;,-/I,—hence the curving and straightening 
of the parameter lines into the horizontal. It is important to_ 
note that only two of the four parameters Jpg, Igr, Ig and B can 
be chosen at will, after which the other two are automatically 
fixed. 

Oscillator operation is possible under conditions indicated by 
a point in the angle-of-flow chart only if eqn. (24) is satisfied 


simultaneously, i.e. if the actual value for «’ of the transistor is 


equal to 1/(B;M) at this point. For a given value of M it is 
therefore possible, by means of eqn. (24), to determine a value 
of «’ for every angle of flow, so that oscillation is maintained. In 
other words, the angle-of-flow chart could be calibrated in terms 
of «’ for a given value of M. This is done in the basic angle-of- 
flow chart shown in Fig. 5, for an arbitrary value M = 0-1. 

In order to obtain a universal angle-of-flow chart, the basic 
chart can be redrawn as shown in Fig. 6. Here, loci for peak 


' 


: 


currents are shown instead of amplitudes of the current wave. — 


These peak-value loci can be constructed simply by connecting 
points for which f, = (Ig + Jpg) is constant. 

A number of concentric circles are used to indicate different 
constant values of M, and each circle can then be calibrated in 
terms of «’. Loci of constant value of «’ are then drawn 
through the appropriate calibration points; thus, for any value 


\ 


of M, a definite half-angle of flow f is co-ordinated with a value | 


of «’ so that the maintenance equation is fulfilled. 

The angle-of-flow chart can be used equally well to assess the 
angle of flow and amplitude conditions in the collector circuit, 
bearing in mind, of course, that it is based on idealized 
conditions. 


(2.5) Maintenance Curve for Constant Values of M 
When M is held constant in a given oscillator, the operating 
conditions can be varied by altering the bias and thereby adjusting 
the angle of flow, but the following conditions must be fulfilled - 
simultaneously so that oscillations can be maintained: \ 


Ch = oh (31) 
~ MB, 
and «’ = Function of fp (32). 


Eqn. (31) is expressed in the angle-of-flow chart and eqn. (32) 
depends upon the transistor characteristics. Each value of «’, 
for which eqns. (31) and (32) are fulfilled simultaneously, defines 
a point on the angle-of-flow chart. The line joining such points 
is the locus of possible operation of the oscillator as the bias (and 
thereby the angle of flow) is varied. 

This is illustrated in Fig. 7 by a practical example based on the 
transistor represented in Figs. 2 and 3, and on a maintenance 
factor M =0-1. Corresponding values of fe and «’ can be 
entered on the angle-of-flow chart, and two sets of calibration 
in «’ are thus obtained, depicting conditions in the collector 
circuit. 

(a) The «’ lines fulfilling the maintenance equation at a given 


value for M. _ These are represented by radial lines for constant 
ae of a’ with their appropriate values for «’ at the given value 
or M. 

(b) The new «’ lines, represented by correlating lines for constant 
values of I¢ with the appropriate values for «’ which are obtained 
with the particular transistor. 
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Fig. 6.—Angle-of-flow chart. 
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Fig. 7.—Maintenance curve and angle-of-flow chart for the transistor of Fig. 2. 


For each value of «’ there is only one operating point where 
both conditions can be fulfilled. This is found at the intersection 
cf the lines of sets (a) and (4). 

Points were found in this way for «’ = 10, 15, 20, 25, 30 and 35, 
éad joined to obtain a maintenance curve. It is evident that, for 
small angles of flow, the amplitude is very small. The amplitude 
res rapidly as the angle of flow is increased, and with a collector 
bias beyond —0-35amp, corresponding to B = 70°, oscillation 
c+ases under the conditions portrayed. 

This example illustrates how an angle-of-flow chart can be used 


to give a clear representation of the somewhat complex correla- 
tion of the various parameters determining the operation of an 
oscillator. With suitable modifications, the method might find 
useful applications to the study of other oscillatory phenomena 
not necessarily connected with transistors. 


(3) POWER CONSIDERATIONS 
Provided that the initial assumptions hold good, the power 
relations can be derived for the circuit of Fig. 1, from the magni- 
tudes evaluated in the foregoing Sections. 
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The bias circuit consumes energy which depends upon the flow 
conditions in the base circuit. The power consumed in the 
period during which the base is conductive is therefore considered 
separately from that during the remainder of the cycle. The 
contribution due to the ‘on’ period is 


en: 
Pnen == x | Vigpdwt (33) 


{9 


Combining this with eqn. (7) and integrating, 
1 {2BV2 Ri,( Rg + Ro) 
Paola | | 
27 Ro 


RoRr 
The contribution during the ‘off’ period is 
(7 — B) 


2VV Rin. 
in 34 
ee By 


1 | (V— V, cos wt)? 
= dwt 35 
Prof All Rea pate Ww ( ) 
—(x—8) 
Thus 
(2V2 + V2)\(a — B) —4VV, sin 8 + 4V3 sin 28 
Ppog a = (36) 
27(Ro = Rp ar R>) 
The total bias power is 
Pz - P Bon a Pz off (37) 
The power dissipated in the collector of the transistor is 
1 +8 
Po= = (V — V, cos wit)\T¢ cos wt)dwt. (38) 
T 
=16) 
ik 
Pe= 5-[2V sin B — V,\(B + 4 sin 28)] (39) 


The power in the combined load and losses, i.e. that due to the 
effective dynamic resistance R, becomes 


avs 
n= (40) 
The total power dissipated due to the collector current is 
+8 
eae icVdwt (41) 
al 
Tea 
P= -— (sin B — B cos f) (42) 


For Class A operation, eqn. (42) only applies marginally, and 
the additional d.c. dissipation when extending operation further 
into the Class A region must be taken into account. 

The total power consumption is 


Pe Piers (43) 
The power output is 

[ey ees 44 

ere (44) 


(4) DEVIATIONS FROM SINUSOIDAL OPERATION 


(4.1) General Considerations 


Sinusoidal operation of the oscillator has been assumed at a 
frequency equal to the resonant frequency of the tank circuit. In 
fact, deviations from this ideal condition must always occur and 
are usually quite considerable. Operation at a given amplitude, 
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based solely on the limiting action due to the gradual reduction 
of the effective amplification factor as the amplitude rises, was 
described in the preceding Sections. In practice, it is usually 
preferable to provide slightly more feedback than would suffice 
to fulfil the maintenance equation, so that the transistor saturates 
very slightly. If the oscillator is properly designed, the effective 
loop gain then falls to the required value as soon as the transistor 
enters the saturation region, and in this way the amplitude is 


limited at the desired level with better accuracy and without — 


the risk of collapse of oscillations due to insufficient loop gain. 


This technique obviously introduces further deviations from — 


sinusoidal operation, and the effects resulting from such non- — 


linearities are therefore considered in some detail. 
A convenient basis for analysis is provided by regarding the 


| 


oscillator as a parallel RLC circuit driven by a negative-conduc- — 


tance device Gy. The RLC circuit is that which effectively 
appears across AB in Fig. 1. A negative conductance is effective 
across these terminals as presented to the transistor collector and 
battery circuit. Thus an equivalent circuit is obtained as shown 
in Fig. 8. JZ and C are the circuit inductance and capacitance 


‘out 


Fig. 8.—Equivalent circuit with negative admittance G. 
ig = ign + ir. 


effectively across the primary winding, and R is the effective 
damping resistance. 

Considering the collector current i¢ and the winding voltages 
Vv, and v, 


ic = Gig = Ing + a (45) 
CO A acai 7 (46) 
V2 = kyr . (47) 
Therefore ic =Ignco + ba Neate: (48) 
T 


By differentiation with respect to v,, the incremental conductance 
is obtained as 


(49) 


The negative sign indicates a negative incremental conductance 
in the region where eqn. (45) holds, i.e. in the active region. In 
the saturation region, the collector current is independent of 
base current, 


Le. ic = oC (50) 
Rs 
diztesial 
doe” Rs GD 


Where R, is the emitter—collector resistance of the saturated 
transistor. 


om , 


| 
] 


( 
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In the cut-off region 


ie 0 (52) 
dic 
rae OP Apes weer Tee 2 (53) 


The admittance Gy between A and B can be calculated, or 
alternatively plotted point by point, if the transistor and circuit 
data are given. It is important to realize that Gy is a non-linear 
function of ve, and thus of v,, and that it varies with time over 
the course of the operating cycle. 


(4.2) Graphical Methods for the Analysis of Non-Linear 
Oscillations 

It is possible to analyse the behaviour of the oscillator circuit 
by subdivision of the operating cycle into small portions over 
which Ga, may be assumed to be approximately constant, and to 
build up a complete picture of the phenomena occurring by 
piecing together a number of subsidiary phases each of which 
can be tackled by the methods of linear analysis. 

More convenient methods, however, are provided by graphical 
analysis.!-5 If Fig. 8 is considered as an equivalent circuit for 
the oscillator, the voltage across AB and the current through 
the inductance L at a given time can be represented in the 
normalized voltage-current or phase plane?»4 by a_ point 


| Pw, —i,). The negative sign is due to the fact that —i, is 


| glotted in the voltage-current plane instead of +i,. 


( 


This is 
done in order to obtain a more convenient representation (cf. 


| References 3 and 5). 


For a complete cycle of operation, a succession of points 


| P(v, —i,) characterize successive instantaneous voltages and 


( 


\ 


| is that of Lienard.3 


currents, and trace out a closed curve called a ‘cyclogram’, 
which can be used to portray the phenomena occurring during 
oscillation. A useful method for the construction of a cyclogram 
The point P(v, —i,) moves with a velocity 


given by the equation> 


K=kw (54) 
Where & is the radius of the isocline arc through P and 
= (55) 
EG 


From Fig. 8 it can be seen that the parallel combination of 
conductances Gy + 1/R to the left of A’B’ represents the resistive 


_ branch and that the parallel combination of L and C to the right 


| 


of A’B’ represent the reactive branch of the circuit. Fig. 9 is a 


plot of the voltage/current characteristic of the separate con- 


_ductance components Gy and 1/R, and of the total conductance 


component 


i 
G= Gaya R (56) 

A cyclogram for the oscillator of Fig. 1 is shown in Fig. 10. 
The direction of movement can be determined by considering 
that, for a positive change in inductive current, a positive voltage 
drop is developed across the inductance; thus the movement 
round the limit cycle is clockwise. 

Using eqn. (54), the cyclogram can be calibrated in milliseconds 
as shown in Fig. 10. The voltages and currents were then 
vlotted as functions of time, and the waveforms shown in Fig. 1! 
vere obtained. A useful means is thereby provided for aSSess- 
ment of the deviations from pure sinusoidal operation resulting 
irom the effects of the non-linearities of the conductance charac- 
teristic. In practical applications, good agreement can be 
«btained between the predicted and actual waveforms. However, 
‘iis method is not equally accurate for the determination of the 
“perating frequency, because of cumulative errors. 
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Fig. 9.—Normalized plane plot of ign, ig and ig = ign + ir for the 
transistor of Fig. 2, with typical bias and feedback conditions for 
Class B operation. 


Fig. 10.—Cyclogram for Class B oscillator. 


(5) DESIGN OF CLASS B OSCILLATOR 


The design of a practical oscillator can be carried out on the 
basis of the analytical considerations described in the preceding 
Sections. This is illustrated by the example of a Class B oscil- 
lator, with the following requirements to be fulfilled: 

(i) The output voltage is to be reasonably sinusoidal, at a given 
voltage level and frequency. 

(ii) The transistor maximum voltage, current and power ratings 
are not to be exceeded (Vay, Tay, Py). 

(iii) The maximum possible output power is to be obtained 

compatible with conditions (i) and (ii). 

The design of such an oscillator can be based on the circuit 
shown in Fig. 1. The bias resistor Rp might be omitted as no 
bias current is required for Class B operation. In practice, 
however, Ro is retained to aid self-starting but is made so high 
that its influence can be neglected in every other respect. The 
maximum permissible collector voltage of the transistor, together 
with the maximum permissible collector dissipation and current, 
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set an upper limit to the battery voltage that can be safely used. 
Sometimes the maximum permissible current is determined by 
the combined effect of an upper limit to the permissible voltage 
and power, and an assessment of the maximum permissible 
current can then be made by the following considerations: 

Using eqn. (39) for Class B conditions, the collector dissipa- 
tion is 


Ic 7 
=e — — 57 
ro= He(2v-3%) = 
and on the basis of laa ly (58) 
and Vie Ve be (59) 
the collector dissipation becomes 
~ — ~ 60 
Pik Spare (1 4 30 £50) 
P. 
and Lo BO (61) 
Vu 


The voltage relationships for Class B operation can be studied 
by means of Fig. 12. Thus the maximum voltage is 


On the other hand, at the point of maximum transistor current, 
and just avoiding the collector from bottoming with respect to 
the base, 


Yi V3 = [ae (63) 


Substituting this for V in eqn. (71), an upper limit is obtained for 
the amplitude of the primary voltage, 


mer V; == 4Vuy cae Vy a Va) (64) 

The maximum permissible transistor current, J,,;, and the 
current-amplification factor a,,, at this current, determine the 
appropriate base winding voltage 


I 
V2 = 7(Rin + Rg t+ Ry) . (65) 


Correspondingly (66) 


Vm 
| 


} VOLTAGE DROP 
ACROSS RgtR> 


Fig. 12.—Voltage relationships for Class C oscillator. 


Taking into account that the output voltage V3 is given, the 
turns ratios are obtained as follows: 


ee 
k = Ve . . . . : . (67) 
tata 
and ky = V, (68) 


The effective dynamic resistance which can be accommodated 
in Class B conditions is determined by the consideration that the 
amplitude of the fundamental component of the collector current 
must not exceed Jy,/2. 


Therefore (69) 


where R also includes the losses in the transformer and base 
circuit. 
Because of these losses, only part of the power developed across 


the reflected resistance R is actually available in the output. Thus 
the reflected load resistance R, is somewhat larger than R. 
1 
Consequently R = 1; (70) 


where 7 is the efficiency, taking into account the transformer and 
base circuit losses but not the collector dissipation. 
The actual load resistance that can be supplied across the 
output winding is therefore 
__ KBR 


Reddy Vinentis te ay 
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Considering the damping that would result as a consequence 
« of the load and losses, and bearing in mind that operation must 
| be sufficiently under-damped to ensure reasonably sinusoidal 
‘ operation, the choice of inductance and capacitance to obtain 
| the correct operating frequency is narrowed down considerably. 

For Class B operation, the positive and negative conductances 
| operative in the circuit are of approximately equal moduli, as 
‘ can be seen from Fig. 10. Only one value need therefore be 
‘ considered, i.e. G; = 1/R,. 

For critical damping 

C3 
i eon 


Allowing a factor D (about 0-25) to ensure sufficiently under- 
, damped operation for a reasonable waveform, 


(72) 


(73) 


For the resonant frequency f, the capacitance and inductance 
; are 


se 

Sian 47 Df e 

lbp = a ete 75 

Se aa 472 f2C; ( ) 

Sy suitable re-arrangement the standard formulae 
Vims = 4:44NfBA x 10-8 volt (76) 
: 2 —8 
L Sed aN <0 i (77) 
ath 


provide a means of designing the transformer. Thus the number 


of turns is 
li 
3-541, fB ¢ + “) | 


= 78 
“ Va ies ( ) 
and the cross-sectional area of the core is 
; 2 6 
Pel O31 V s545 x 10 (79) 


2 R2 5 
L; f?B? (1, + 7 
where /, = Air-gap. 
1; = Iron path length. 
B= Magnetic flux density. 
p2 = Permeability. 
A suitable lamination size having been chosen, the stack 


height is determined by the cross-sectional area. The numbers 
_ of turns are as follows: 


N; 
= ° . . - 80 
Ny paste. (80) 
N, = k2N; (81) 


The d.c. magnetization due to the average collector current 
‘which is f.]7) should then be checked by means of the following 
*quation: 

_ 1:256F,N; 
es mwa + Li) 
With the aid of B/H curves, it can be ascertained whether the 


‘amination size is sufficient. If necessary, the core losses resulting 
vith this particular stack should also be checked, in order to 


gilberts/cm (82) 
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ensure that they are consistent with the choice of 7 made 
previously. 

Fulfilment of the maintenance equation was implied in 
eqn. (65). However, it is advisable to use slightly more turns 
for N, or a slightly lower series resistance R; than is indicated 
from the design equations. The effect will then be that the 
transistor bottoms slightly, resulting in improved reliability of 
operation. 

The power delivered to the load by the oscillator is 


v2 
jP See 83 
oy eRE oe 
The power loss is given by 
PPS Pl) SSP a. (84) 
Pc being the power dissipated in the collector. 
For Class B operation 
Ic TV, 
Poel (sys a) 85 
sal 2, Cy 


which should not exceed the maker’s recommendations. 

Finally, the design can be checked by the methods indicated in 
Section 4, in order to ensure that the current and voltage wave- 
forms are acceptable. 


(6) NUMERICAL EXAMPLE 


A practical example is given to illustrate the application of 
the methods. 

A transistor oscillator for operating electro-luminescent panels® 
from a battery supply has to be designed with the aid of a com- 
mercially available transistor, in order to provide 250 volts 
(r.m.s.) at 200c/s. 

A suitable type of transistor is characterized by the curves 
shown in Figs. 2 and 3. It has a maximum collector voltage 
and dissipation of 20 volts and 1 watt, respectively, and its base 
input resistance is approximately 10 ohms. Using the circuit 
of Fig. 1, Rg is made variable between 0 and 15 ohms, with a 
nominal design value of 10 ohms; this provides a means for 
adjustment of the output voltage as well as compensation for 
changes in transistor parameters or load. 


Using the formulae derived, the following values are obtained: 


Iv = 1:Samp. 
any = 22-4 (see Fig. 2). 
Vp = 0:67 volt. 
V2 = 1:37 volts. 
VY; = 9 volts. : 
V = Vg+ Vy = 9:67 volts, and a 10-volt accumulator battery was 
chosen. 
V,; = 6°37 volts (r.m.s.). 
k3==39-3- 
ky = 0°152. 
R = 13-3 ohms. 
Estimating 7 = 0:7. 
Ry = 19 ohms. 


Ry = 29400 ohms. 

Gr = 3:4 x 10-5mho. 

Choosing D = 0:25, the maximum area of luminescent panel 
that can be operated under the stated conditions can be estimated. 

At 200c/s and 250 volts, the electro-luminescent material has 
a conductance of 5:7 x 10~7mho/cm?. Since a conductance of 
G;, = 3:4 x 10-5mho can be tolerated, an area a = 60cm? can 
be operated by the transistor oscillator. 

The capacitance of a panel of this area is 0:02uF. A total 
capacitance of 0:08F is required to fulfil eqn. (74) with 
D=0°25, te. C3 =0:08uF. A trimming capacitance Cr 
= 0:06 uF is therefore required. Using a paper condenser for 
this purpose, its losses can be ignored. Thus L; = 7-7 henrys. 
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The power in G is 3 watts, and the power output is 2-1 watts. 
To handle this power, a core of No. 35 Silcor II laminations was 


chosen. The transformer data are as follows: 
w = 1-9cm 
I; = 12-1cm 
I, =0:01cm 
B = 6000 gauss 
pe = 6000 
where w is the width at the centre of the stack. 
Therefore i] f 


a 


“+ $ = 0-012cm 
a 


pel, + 1; = 72-1em 
A = 3cm? 
h; = 1-58cm 
where h; is the height of the stack. 
Allowing a stacking factor of 90%, the actual stack height, A, 
is 1-76cm. To offset the effect of the extra height of the stack 


on the cross-section of the air-gap, this has to be increased to 
approximately 0:011cm, when assembling the transformer. 


INE, == WSS 

The remaining calculated numbers of turns are as follows: 
N, = 40 
N> == 62) 


To check the d.c. magnetization, Hg is calculated to be 
0-3 gilbert/cm, which is quite acceptable. 

In order to allow a margin of safety, the following numbers of 
turns were chosen: 


N, = 40 turns (No. 24s.w.g. enamelled copper wire). 


The primary winding must be wound of wire capable of carrying 
the primary current without causing an appreciable voltage drop. 
If the transformer size had to be kept as low as possible, the 
wire size would have to be reduced and the power loss incurred 
would have to be taken into account. Such a loss would increase 
effective damping, apart from its effect upon voltage and power 
relations. 
N, = 7 turns (No. 36s.w.g. enamelled copper wire). 


N; = 1567 turns (No. 36s.w.g. enamelled copper wire). 


A check can now be made, using the maintenance equation 


Ml = one = 0-089 
a’ By 
k3R 
Rg + Ro + Rin 
The discrepancy is small and on the safe side. 
The output power of the oscillator is 
v2 
Pg == = 2-1 watts 


But M= = 0-101 


The total power consumption (including Ry = 1000 ohms) is 
4-9 watts. 

The overall efficiency is of the order of 40%. Bearing in mind 
that the transistor requires driving power and that the trans- 
former efficiency is less than 70%, this means that the transistor 
is Operating reasonably close to the theoretical maximum effi- 
ciency of 78%. 

The performance of the oscillator, and the waveforms in 
particular, can be predicted by a cyclogram based on the con- 
ductance characteristic of the oscillator. 

The latter (based on the characteristics of the transistor in 
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Fig. 2) was plotted on a suitable scale to render the graph nor- 
malized with respect to the appropriate capacitances and induc- 
tances, and it is reproduced in Fig. 9. Fig. 10 shows the 
cyclogram for the oscillator, and Fig. 11 is a plot of the predicted 
waveforms. ) 

The oscillator was then constructed and a |-kilohm starting | 
resistor was connected to bias the transistor very slightly towards } 
Class A operation. The following measurements were made 
with the oscillator connected to a 10-volt d.c. supply: 


Rg = 9 ohms. 

R3 = 30 kilohms. 
C3 = 0:08 uF 
if OSES: 


V3 = 250 volts (adjusted by means of Ra). 

Average input current = 0:5 amp. 

Input power = 5 watts. 

Output power = 2:07 watts. 

Efficiency = 41-5% overall. of 

These figures agree well with the predicted performance, | 

which was also confirmed by the calibrated oscillograms shown 
in Fig. 13. The waveforms predicted by the graphical method 


2 AMP 


50MA 


(c) 
Fig. 13.—Oscillograms. 


(a) Collector current. 
(5) Capacitive current. 
(c) Output voltage. 


conform well with those obtained in practice. The frequency 
predicted on the basis of this cyclogram, on the other hand, is 
only 170c/s, i.e. some 17% lower than that actually obtained. 
However, the cyclogram was primarily intended for prediction 
of waveform rather than frequency. 


(7) CONCLUSIONS 


The operation of a transistor oscillator for the conversion of 
direct into alternating current with reasonably sinusoidal voltage 
waveform has been studied on the basis of two essentially 
different considerations. In Section 3 it was assumed that the 
oscillator is sinusoidal in operation and that its amplitude is 
limited by the gradual reduction in current amplification with 
increasing amplitude, as a result of the curvature of the / alle 
characteristic. 

Maintenance of oscillations was therefore considered on the 
basis of the maintenance equation, with the assumption that 
only the fundamental component contributes to maintenance 
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of oscillation. The angle-of-flow chart is useful in assessing 
operating conditions based upon these criteria. 

Since, in fact, deviations from sinusoidal operation are 
unavoidable, these and their influence must be considered as 
shown in Section 5. Saturation plays an important part, and 
the influence of this, as well as the damping introduced by the 
load and the positive regions of the conductance characteristic 
offsetting the supply of energy in the negative conductance 
region, can be determined by graphical methods. 

Whilst the phenomena involved are somewhat complex, and 
many factors have to be taken into consideration, the actual 
design is comparatively simple, and the performance predicted 
by the methods described agrees well with the practical 
measurements. 
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MINORITY-CARRIER STORAGE IN SEMI-CONDUCTOR DIODES 
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SUMMARY 


Hole storage is an effect which takes place in semi-conductor valves 
using n-type base material; it has a counterpart in electron storage in 
p-type material. It gives rise to several electrical effects, particularly 
to transient reverse currents in diodes on the application of a reverse 
bias. The effects are deduced, quantitatively, by solving the continuity 
equation with boundary conditions appropriate to the geometry and 
the external circuit. Planar and hemispherical diodes are analysed 
separately, although the former is only a special case of the latter. 
Parts of the analyses assume a reverse voltage to be applied imme- 
diately following the passage of forward current; another part assumes 
delay and calculates the decay of floating potential which results. 
Both significant and negligible limiting of the transient reverse current, 
by the external circuit, are considered. The analyses are tested by 
experiments, particularly some using modulation techniques, and used 
to deduce the hole lifetime in the base material of experimental diodes. 
Fair agreement is recorded between methods based on measurements 
of (a) the decay of current at short and at long times after the appli- 
cation of reverse bias, (6) the duration of limiting, and (c) the 
decay of floating potential. The extent to which the analyses apply to 
point-contact diodes remains debatable, in view of Waltz’s observa- 
tions and the difficulty of obtaining quantitative confirmation with 
commercial diodes. 


LIST OF SYMBOLS 


a = Radius of hemispherical junction. 
A =alL,. 
Ay = Area of junction. 
Bo = Susceptance at zero bias. 
d = Thickness of base region. 
D, = Diffusion constant for holes. 
Gp = Conductance at zero bias. 
i = Current. 
ig = Forward current. 
i, = Limited reverse current. 
i, = Reverse saturation current. 
J = Current density. 
J, = Density of forward current. 
J, = Density of limited reverse current. 
J, = Density of reverse saturation current. 
k = Boltzmann’s constant. 
L, = Diffusion length of holes. 
m = Depth of modulation. 
n = Equilibrium density of electrons in the 
n-region. 
Pp = Density of holes in the n-region. 
P = p[po = Normalized hole density. 
P, = Equilibrium density of holes in the 
n-region. 
Po = Density of holes at x =0 or r=a, 
produced by V,. 
P2 = Hole density at t. 
P, (=P2/Do), Pr,, Pp’ = Normalized hole density at WB ed BNET Be 
respectively. 
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e = Electronic charge. 
r = Radial distance for hemispherical model. 
R =r/L, = Normalized radial distance. 
Ro = A resistance in series with the diode. 
s = Surface recombination velocity. 
t, t,, t’ and t, = Time. 
T = t/t, or D,t/d? = Normalized time. 
T = Absolute temperature. 
T’ = Normalized time at which J = J,, when 
there is no limiting. 
T, = t/t, = Normalized time for which i, = Vp/Ro- 


T, = t,/7, = A time during which'no current flows 


following forward conduction. 
V = Floating potential. 
V,; = Voltage across the junction producing 
forward conduction. 
Vz = The reverse voltage applied. 
V = Peak working voltage. 
w = Width of p-region. 
W = Thickness of base region of point-con- 
tact diode. 
Wg = Thickness of depletion layer. 
x = Distance from p—n junction. 


erfc (XY) = Complementary error function of X f 


=1l1—efx. 
X = x/L, or x/d = Normalized distance. 
y, Y, u, w = Variables. 
e = Dielectric constant. 
Y» = Fraction of current carried by holes. 
p = Resistivity. 
On, ©, = Conductivities of n- 
respectively. 
7 = Lifetime of minority carriers. 
Tp = Lifetime of holes. 
Wa = Low angular frequency. 
Wm = Angular frequency of modulating signal. 


and p-regions, 


(1) INTRODUCTION 
Meacham and Michaels! reported in 1950 that they had 


observed large transient currents in point-contact transistors and t 


some point-contact diodes when the units were rapidly switched 
from the conducting to the non-conducting state (shown quali- 
tatively for a diode in Fig. 1). Asan explanation, they postulated 
that the forward current consisted mainly of minority carriers 
injected into the bulk germanium, and that, when the applied 
voltage was rapidly reversed, those which had not recombined 
returned to the injecting electrode to give a peak current of tens 
of milliamperes lasting for a few tenths of a microsecond. 
Because the germanium used was n-type, the minority carriers 
were holes and the effect became known as ‘hole storage’. The 
effect was looked for and found in British commercial diodes; 
up to 10%, according to the source, showed pronounced effects 
and most of the remainder showed a small effect. 

At about the same time a study was being made of an ampli- 
tude-modulated time-division multiplex system using germanium 


[ 318 ] 


{ 
€ 
$ 
i 


FORWARD BIAS (aes 
=SS Sa eee f+-—-———===o 
| 
| 
| 
| (a) 
REVERSE BIAS H 
al) 
-----——-- 
FORWARD 
CURR 
ENT | (6) 
| 
' 
SS Se ee ==+——-————~—_0 


REVERSE 
CURRENT 


Fig, 1.—Transient reverse current of a switched diode. 


(a) Voltage applied to diode. 
(6) Current passed by diode. 


diodes in pulse modulators and demodulators.2 Adjacent- 
_channel crosstalk far exceeding anything expected was noted 
with most diodes. Although the crosstalk was due to a transient 
excess current at turn-off (later observed directly with more 
sensitive apparatus), the magnitude and time scale of the current 
. effered so much from those reported by Meacham and Michaels 
that it was not immediately attributed to the same minority- 
carrier storage. 

The transient response of point-contact rectifiers was later 
studied in greater detail by Waltz,? to whom reference is made 
i in Section 3.2. More recently, minority-carrier storage in planar 
p-n junctions has been the subject of several analyses, and is the 
‘ starting-point for the present paper. Extensions are made to 
‘small hemispherical diodes and to thin-based diodes. The 
analyses here and elsewhere show how the transient response is 
‘ dependent on the design of the diode and the conditions of use, 
2 and how it may be used to measure the lifetime of minority 
carriers in the base region of a diode. 


_ Q) MINORITY-CARRIER STORAGE IN PLANAR JUNCTION 
DIODES 


The simplest model of a p-n junction, for the present purpose, 
i is one in which forward current is carried entirely by holes leaving 
(a suitably doped p-region to become minority carriers in an 
| n-region. The transition from p to n is assumed to be abrupt, 
' the junction to be planar and the n-region to be uniform and of 
| large dimensions. The indium-alloy diode approximates very 
_ closely to the model, provided that the radius of the junction is 
| much greater than L,, the diffusion length of holes in the n-type 
base material. Pell,4 KingstonS and others have already con- 
sidered hole storage in the model. 

No account is taken of the thickness of the depletion layer 

(which is present at the junction and is dependent on the resis- 
tivity of the material and on the applied voltage, and hence 
introduces some variation in the position of the plane referred 
to later as x = 0) or of the capacitance introduced by the layer. 
The finite thickness of the layer is unlikely to invalidate the mode! 
vnless it is of the same order as L,; it will be shown that the 
©apacitance can, in general, be ignored. 

Because the electric field in the bulk germanium is very low, 
*he minority carriers injected across the planar p-n junction 
éuring forward current are assumed to flow by means of diffusion 
zione. 

Another model, in which the thickness of the n-region is not 
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many times L,, has been analysed by Steele® and by Kingston, 
and is considered briefly in Section 3.1.2. 

The roles of the p- and n-regions can be interchanged, i.e. the 
n-region can act as an emitter of electrons into a large p-region, 
whereupon the analyses apply equally well to the effects of elec- 
tron storage in the p-region. 


(2.1) The Continuity Equation and its Solution for the Plane 
Model 


(2.1.1) With Instantaneous Reversal of Diode Voltage. 
(2.1.1.1) No limiting of the reverse current. 


In Fig. 2, the plane x = 0 is the junction between the p- and 
n-regions, the n-region extending to infinity. The p-region is 
termed the source. 


JUNCTION 


% 


p REGION 


Fig. 2.—Planar diode: hole distribution in the n-region. 


The continuity equation for holes is 


OD VP Py OP 
SA Dyas (hen Saye aad) 


where p = Density of holes at any point x in the n- region. 
P, = Equilibrium density of holes in the n- region. 
T, = Recombination time-constant (lifetime) for holes in 
the m- material. 

, = Diffusion constant for holes (=L3/T,). 

f— mes 


D 


Eqn. (1) must be solved for the appropriate boundary condi- 
tions. At t = 0, when the voltage, Vy, across the junction pro- 
ducing the steady forward conduction is suddenly changed to 
Vp (a reverse voltage), the source becomes a ‘sink’ and a reverse 
current flows. The boundary conditions are: 


Di Oates — 10 be) 


p= Oe = Pea Pp 
p=p =e) f= 


where Py = p,€°"'&T) is the density of holes at x = 0 for the 
forward bias V; applied to the diode prior to t = 0. 

As will be shown, the assumption that the voltage across the 
junction is suddenly reversed leads to an infinity of current flowing 
instantaneously; in practice there is always some resistance Ro 
in series with the junction, limiting the current, i, to a value 
i, + Vpz/Ro, a practical consideration left for Section 2.1.1.2. If 
the injected carrier density is small compared with the density of 
majority carriers (electrons) in the n-material, the solution of 
eqn. (1) is 


Po Cates x 
= esate P03 .—x/L 
p=p,i—eé p) + 5) {? p erfc () XD, p)'? 


t\ 1/2 x 
— exlLp erfc (2) + ory \ . . . (2) 


P 


fh) 
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x 
where erfc x = 1 — — e~”’dy; the change of p with f is 
V/ 7 
0 
shown qualitatively in Fig. 2. The reverse current which flows 


per unit area across x = 0 is given by 


: eD,p eD uy E—tl=p 7 

ie J=——f* ee 5 erfe (t/7 2 (3) 
E Le, aril) P 

which falls rapidly from i = — © as ¢ increases from zero. 


The steady current passed per unit area, Jy, by a p-n diode, in 
the forward direction, when a voltage difference V; is applied to 
the p-region relative to the n, is, ideally, 


Jp JED e1)E bo od 4) 


where J/,, if carried entirely by holes, is given by 


oe ae pe ee ers) 


Now egn. (3) can be rewritten 


JE Pp e—tltp 
prmes n 1/2 
eD,Do Po ze erfe (t/T,) | . (6) 
But, from eqn. (5), 
pe phe eine 
eD,Po J;Po 


Therefore, from eqn. (6), 


Pn J i ene 1/2 
mies = 1) = ewe erfc (t/T,) < (7) 


From eqn. (4) and a boundary condition, 


Pn__ Is 
Po Jp —+- Ue 
Substituting this in eqn. (7) gives, 
J+J Ip 
Se 1/2 
ipa — “iP erfe (¢/7,) | Meeiean (ss, 


Normally J; > J,, and J will be of most interest when it is very 
much greater than J,, so that eqn. (8) can be written: 


df —t/tp 
ve oe a erfe(r 2 | PTR (6) 
P 


which is shown by the uppermost curve of Fig. 3. 
When ?/7, < 1, 


J 1 ENG 
* 1/2 fase as 
i, cae TT ce) + Bane | = (LO) 


and, when ¢/7, > 1, 
he e—tltp 
i ee (11) 


which can be written 
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Fig. 3.—Planar diode: relationship between J/Jr¢ and T for several 
values of delay. 


(2.1.1.2) With limiting of the reverse current. 


The analysis of Section 2.1.1.1 shows that the initial transient 
current would be infinite immediately following the reversal of 
bias across the diode, if the circuit conditions allowed the voltage, 
V, across the junction to reverse its polarity immediately. 

The series resistance Ry of a practical circuit (see Fig. 4) 
restricts the current to an upper value of about V,/Ro however, 


Fig. 4.—The current-limiting resistance of a practical circuit. 


and the voltage across the junction, initially, to some small value. 
Thus at ¢ = 0, the forward current density changes to a reverse 
current density of 


“a =7(« Rr) 


During the period for which i, remains parce aE LS constant, 
Px =o decays but remains finite and 


aie (2) aed “a J; 


Le. holes flow back across the junction at a constant rate. 
Kingston has given the solution of the continuity equation 
applicable during this period as 


Ips, xX 
= pa Gee d i rT] XxX aie 
Dp Pofé 2, E etfe( 5m vT) 


ase. (a7 a v7) |} (13) 
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ywhere X eee Ly, i i= ihag and Jp = eD,PolL,. He has ignored (2.1.2) With Delay between the Cessation of Forward Current and the 
ithe saturation current, i,, which is usually very much less than i,. Application of Reverse Voltage. 


The voltage across the junction, In Section 2.1.1 the potential of the p-region, relative to that 
kT of the n-region, is changed instantaneously from positive to 
V === log? £ ==0) negative att =0. The change could, alternatively, be made in 
@ n two steps. The positive potential applied to the p-region could be 
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Fig. 5.—Planar diode: voltage across the junction during the period of constant current. 
KT/q ~ 0-025 yolt at T = 300° K. 


ywill not be very much greater than kT/e (0-025 volt at room 
(temperature) so long as p,_ exceeds about 0-001 p,; the upper 
ilimit of p,—9 is set by J; but is, for the present purposes, not 
greater than 104p,. 
Fig. 5 shows how V — /; changes with time; the curves are 
isimilar to some given by Kingston. During T, (the normalized 7 = 0-25 
jperiod for which J = J,), the polarity of the voltage across the 3 
jdiode may not have reversed although a reverse current —i, is 
flowing. 

Eqn. (13) applies until p,_9—0, at T, (= t,/7,) where T, is Be 
{given by 


1 
a= 
1 +J,/J; We P 


0-2 


erA/ 1, = 


At T; a new set of boundary conditions applies one of which is 

\that p,_» = 0 for all subsequent times. Another, the distribution ax 
of holes at 7;, is given by substituting T; for Tin eqn. (13). The 
‘curves labelled Py, (= p/po) of Fig. 6 show the distributions for eae 
two representative values of T;. There is a simple relationship 

i between a chosen value of 7, and the slope, at the origin, of the 

\curve appropriate to it, because 


T7710 


eS = J, pers (SLI pig Py7 

Oto penenicD, "AoeD, 

vand T, and J,/J; are related as in eqn. (14). : kd 
The solution of the continuity equation with the new boundary qT 

conditions is given in the Appendix (Section 8), together with 

comments on an earlier, less rigid solution. For large values of 

7 (measured from the end of the period 7;), it is shown that re 

[e) 1O 2:0 30 

| este ea el dys) ae] cs U5) X (NORMALISED DISTANCE) 
Af 


f i Fig. 6.—Planar diode: hole distribution in the n-region at the end of 
‘wich differs only slightly from eqn. (11). Lax and Neustadter’ the period of constant current. 


i nave also analysed the behaviour subsequent to T}. For each value of 7; the slope at the origin is the same for Py, and Py’. 
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removed at f = 0, and the diode left open-circuited until t = th, 
when the reverse bias could be applied. Between ¢ = 0 and 
t = ft, the minority carriers diffuse, with the plane x = 0 acting 
as a reflector, subject only to recombination. At t= f% the 
source becomes a ‘sink’ and a reverse current flows. The whole 
operation can be analysed more simply if p,, can be neglected in 
solving the continuity equation (1) as it has been in 2.1.1.2, 
i.e. provided that p > p,; the transient reverse current will then 
appear to decay to zero instead of to i,. 
Normalized variables are again ees used, namely 


P = pi[po; X = x/L,; Tz = bhI[T, 
The continuity equation must first be aie with the boundary 
conditions p = pp at t = 0 and the plane x = 0 reflecting. At 
ty the new distribution, py, normalized to P; = p2/po, is 


1 
P(X) = 5fe* ere] (73) son 
+ 6X erfe| V(T + nT lt 


p (at x = 0) must now be brought to zero at t,, subsequent 
normalized time (t/7,) being denoted by T, having its zero at T). 
It can be shown that 


(16) 


dP STB 
( a os | Pine urxax (17) 


WX/ y-9 2'2T3/2 
0 


It has not been found possible to evaluate the integral simply. 
Series solutions can be found however. 
Thus 


ie 
(Sy) xc la herr iid’ 


iF 
Tpl2e-T e-Y¥ 
Seri a Yu2Y + TOY 
0 
the second term of which can be put in the form 


(T/T)! 12 
oe ay, 


2E—T2 
7 ae + yy” 


Y/T>, becoming 
(T/T2) 


ca dy +4734.) 


where y? = 


7 (1 4) 
0 
On integration, the term becomes 


‘fare tan (7/T>)'/? — T,[(T/Tp)"/2 — arc tan (T/T>)1/2] 


LQG") § 


As in Section 2.1.1, the current density is given by 


a = eS 
OX Jaco 
Hence 
Af eT 
if = lene Die + erf ri erfe T}/2 
2e-T2 
aP arc tan (7/T2)"/? — T, [(T]T>)1/2 — arc tan (T/T>)!/?] 


T 
he sm (E) — (=) + arc tan( 7)" | : } (18) 
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The ratio J/J, is shown for various values of 7, in Fig. 3. | 
Eqn. (18) is of practical use only when T < 1. 
Eqn. a can be solved when T is large, giving 


g-D 727 eons 
a ped Sais qil2 


which shows that J ultimately decays as e~7T~—3/2 as in Sec-} 
tioni2a1F ele 

Because P ~ 0 at the end of the period 7, the current which 
can be drawn immediately on the application of the reverse bias, 
at 7>, is infinite unless, as in Section 2.1.1.2, series resistance }j 
limits the current to a finite value J,. It is not easy, however, }) 
to extend the analysis of Section 2.1.2 in the same way that {i 
Section 2.1.1.1 was extended in Section 2.1.1.2. Without the J 
extension, however, it becomes difficult to interpret results | 
obtained with the delayed reversal of bias and with current 
limiting, unless the limiting is so slight that J, is many times Jy. | 

Eqn. (16) gives the hole density due to injected holes at any | 
normalized time JT (by substituting T for T>) after the cessation ) 
of forward current and so long as the diode remains an open- — 


+ erfc T}! 2) 


circuit. Thus at x =0, the excess hole density is given by! 

Px=0 — Px = Wo — Pp) et fc a T, giving rise to a floating potential | 
v= log og, (22 °) 

Because po = p,€°VslkT, 


a “108, [(erfc «/T)(eeM#/kT — 1) +1]. (19) | 


The expression for the floating potential can be simplified, : 


with some loss of generalization, as follows: «¢/f/KT can be so |} 
large (it is 10° for Vp = 0-3 volt) that 


kT 
V—-Vyp= * log, (erfc +/T) 


provided that erfe«/ T > e—eVsIkT, 


dV BV) CBE 
H ms LEMS Poe ee 
ae e (nT)12 erfc>/T 


ai 
which for T > 1, when erfc «/T can be written, approximately, as | 
et 1 | 
care! — apt -) 
dvV— d( View Wiping 


i aT ae - T+ 5 ~...)2-2 


(2.1.3) When the Base Region is of Small Finite Thickness. 
If the base pan ac d, is very small compared with the diffu- | 
sion length, L,, of minority carriers, and p, can be ignored, the 
distribution of holes at time t = 0 is p = po(1 — x/d) where | 
= J;d{(eD,). The solution of the continuity equation is 


oak 


yields 


(20) 


1 
| ies a 2» 3 = e—nt sin [n7(1 — X)] 
D, t oe 
where 16 aE and X = 7 
Hence = 
__ 2eD,p 
pu ehe( te aoa ess pko 1)te—n2neT 
open iar as Dic ) COS nT 
lee) 
= — >) eee 
n=1 


When T > 1 (ee 
IJ, yy — 2e-—17eT 


Kingston has considered the same model but with limiting of 
the reverse Current to some value i, (as in Section 2.1.1.2); his 
expressions are similar to eqn. (20). 


2.2) Methods of Measuring tT, based on the Solutions Obtained 
(2.2.1) Methods when fy = 0. 


Eqn. (11) or eqn. (15), whichever is more appropriate, presents 
a convenient method of determining Tp. The apparatus used 
must, however, allow of the accurate measurement of i for values 
| ee 
A second method, using eqn. (9), which can be rewritten as 


3/2 ; 
Ge ea 
t\3 —tltp 1/2 
= log, (2) aie erfe =) }} 


“or all values of ¢ (or t/7,), will be of value if current. limiting 
lasts for a period very much less than T, Iflog, [(t/7,)3/(—iji;)] 
is plotted against i/7, as in Fig. 7, it is seen to have a maximum 
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Fig. 7.—Relationship between (J/J¢)T3/2 and T. 


value when ¢/7, = 0-55. Hence, the time at which B/2(i/ip) 
asses through a maximum enables a value of 7, to be estimated. 
' Because t, is a function of Jy, J, and 7, [see eqn. (14) and the 
‘curve for A = © in Fig. 8], its measurement also enables an 
jestimate to be made of 7,. 


1(2.2.2) Methods when fp is Finite. 

If ¢; is very small, eqn. (18) offers a direct method of deter- 
mining 7,. Another method, which gives more indication of the 
\extent to which experiment follows the simple theory, depends 
on making use simultaneously of results obtained for different 
values of f,. Fig. 3 shows, for instance, that the difference 
‘between log, (J/Jp)r,—0 and log, (J/Jp)r,=n Should remain nearly 
enstant for a given value of n, provided that T is not less than 
about 0:02. Thus log, (J/J;)7,=0 — log, V/Jy)r, =1 38 0-68 when 
7 = 0-02, and is 0:55 when T = 0-2; an approximate value of 
7, is therefore obtainable provided that values of T, up to about 
uvity have been used. : 

Eqn. (16) in Section 2.1.2 and eqn. (19) deduced for the floating 
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Fig. 8.-—Relationship between J,/Jf, T; and A. 


potential, V, apply at any time 7 measured from the cessation of 
forward current prior to the passage of reverse current. Measure- 
ments of the decay of V, following the passage of forward current 
set up by a forward voltage, V;, therefore enable a value for7, 
to be deduced. In practice, subject to the density of injected 
minority carriers being small, the simplification deduced in 


Section 2.1.2, pea =— os is sufficiently accurate. 


(2.3) Experimental Techniques 
(2.3.1) An Experimental Method Suitable for Use with Small Values 
of 7. 


The direct measurement of i and t by means of a calibrated 
oscillograph affords sufficient accuracy only at small values of T. 
It has been attempted for a few near-planar diodes. 

The apparatus used is shown schematically in Fig. 9. The 


REVERSE 


Fig. 9.—A method of observing transient current, with or without 
delay in the application of reverse bias. 


duration of the pulse of forward current, P;, must be several 
times 7, in order that the steady-state distribution of minority 
carriers shall be setup. The pulse trains, P; and P,, are generated 
by conventional methods and applied with appropriate time 
delays. The circuit shown was chosen because it enables the 
bias to be removed during f). 

The method can be adapted for the observation of t;, during 
which the reverse current is limited to i., and for the observation 
of the initial decay of the floating potential, V. 


to 
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Fig. 10.—Apparatus for the modulation technique. 


(2.3.2) A Method Suitable for Any Value of 7. 


Methods involving only d.c. measurements become less 
accurate when T exceeds 0:2, and insensitive when T exceeds 
0-5, and hence cannot be used to test expressions deduced for 
T> 1 or to deduce 7, from observations made with T > 1. 
Accordingly, the modulation technique used for testing the 
transient response of point-contact diodes, passive networks, 
etc.,? has been suitably adapted. Fig. 10 shows the apparatus 
used. For the duration of each pulse Pa of a train of pulses of 
repetition frequency 6kc/s, VIA passes anode current, modu- 
lated by the signal on its control grid, through the diode under 
test, D; the duration of P, is sufficient to enable steady-state 
conditions to apply to the minority-carrier distribution. Thus 
forward current is passed by D only during P, and has a value 
ip(1 + mcos w,,t’), where m is the depth of modulation and 
@,,[27 the frequency of the modulating signal; t’ is time measured 
from any moment of maximum amplitude of the sinusoidal 
modulating signal. When Pa ceases, the diode D, conducts and 
a reverse bias is applied to D. The reverse bias is fixed approxi- 
mately by the ratio R,/(R; + R,) and is held constant during Py 
by the capacitor C (the product, CR,, being large). The wave- 
form of the modulated voltage across R, shown in Fig. 11, is 
passed through an inverter (which also acts as a buffer stage) to 
be sampled by a gating pulse of typical duration 0-5-1 -0 microsec, 
timed so that it can occur either during P, or subsequently. The 
ratio of the magnitude of the component of frequency w,,/27 in 
the signal selected by the sampling gate, when it is timed to 
occur towards the end of Pa, to that when it is delayed by ¢ 
relative to the end of Pa, gives i/i; = J/J; because the expression 
for J/J; is independent of the magnitude of Jr. The method is 
flexible, and is sensitive because narrow-band amplification is 
possible. Values of J/J; less than 0-001 can be detected with 
care. 

t; can conveniently be measured; it is the interval, following 
P,, for which the modulation is highly suppressed (see Fig. 11). 
When m is finite, some uncertainty enters into the measurement 


(0) 


(4) 


(4) | | | 


(e) i] 


Fig. 11.—The modulation technique; the important waveforms. 


(a) Modulating signal. 

(6) Waveform across R. 

(c) Composite waveform across R. 

(d) Output of the sampling gate. 

(e) Composite output of the sampling gate. 


of ¢,, because i, continues for longer after a pulse of current of 
iy(1 + m) than it does after one of i-(1 — m); very small values of — 


m can be used in the determination of t;, however, so that little 
error is introduced. 


The modulation technique is not applicable to the measure- — 
ment of floating potential; when iy is modulated, Vyis modulated, | 
but the simplified expression for V — V; shows that there is no © 


dependence on T of the modulation observed in V. 


(2.4) Experimental Results 


No extensive series of measurements have been made, but 
some examples of the methods described above illustrate results 
which have been obtained. The radius of the junctions of the 
diodes used was about 0:15cm; L, was less than 0-025 cm. 
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Fig. 12.—Decay of reverse current, with and without delay, of diode A. 


A Theoretical points 16-7 microsec. 
a assuming tp = 12-5 microsec. 
x 10-0 microsec. 
© Experimental points. 


The upper solid curve in Fig. 12 shows, for a commercial diode, 
A, the decay of i/ir against time, ¢, for t; = 0, obtained by the 
method given in Section 2.3.1; the lower solid curve shows the 
decay for t; = Smicrosec. The broken curves were obtained (as 
was Fig. 3) from eqns. (9) and (18) by substituting specific values 
for7,. It will be seen that both solid curves comply well with 
the theoretical curves obtained for 7, = 12-5microsec. When 
the frequency dependence of admittance of the same diode was 
measured at zero bias, and w (= 2/7) =GpwWo/Bo was deduced, 
the resulting value of 7, was 10microsec. Nothing was known 
of 7, for the material from which the diode was made. 

An alloy diode was made on n-type material for which values 
of 7, had already been obtained; thus a measurement of the 
diffusion distance, L, = (D,7,)'/?, of carriers produced by a 
focused spot of light gave values which varied over the specimen 
from 7-4-8 -6 microsec (D, being taken as 44 cm2/sec). Measure- 
ments of pulsed conductivity gave a value of 7, of 8-7 microsec. 

The modulation technique given in Section 2.3.2 allowed i/i, 
to be measured at time delays up to about 50microsec, and 
yielded a value of 10-Smicrosec for 7,. 

A second commercial diode, B, whose frequency dependence 
of admittance at zero bias yielded tT, = 8-3 microsec, was also 
tested. The saturation time, t;, was measured for several values 
of i,/i; = J,/J; and the results are plotted in Fig. 13. The value 
of ¢; corresponding to 1/(1 + J,/J;) = erf 1-0 gives a value of 
8microsec for 7, [see eqn. (14)]. The broken curve shows 
eqn. (14) using this value of 7,. 

No measurements were made, on these units, of the decay of 
the floating potential set up following the passage of forward 


current. 
Vor. 104, ParT B. 
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Fig. 13.—Relationship between i,/if and t; for diode B. 


Solid line represents experimental curve: broken line represents theoretical curve 
with t, = 8 microsec. 


(3) MINORITY-CARRIER STORAGE IN POINT-CONTACT 
(HEMISPHERICAL) DIODES 

Many investigations have been made of the structure and 
composition of the important regions of point-contact diodes and 
triodes made on n-type germanium. A natural surface layer of 
p-type material may play a large part in determining the electrical 
performance of unformed points, e.g. the emitter of a triode. 
When forward current is passed across the unformed contact, 
whose radius of curvature may be less than 10~3cm, the fraction, 
y,, carried by holes entering the base, can closely approach unity. 

Forming is applied to diodes and to the collectors of triodes. 
It modifies the material in the vicinity of the contact and improves 
some electrical properties;. y, may be much reduced, however. 
The modifications brought about depend on the composition of 
the whisker, on the contact pressure, on the resistivity of the 
sample, and on the intensity and duration of the forming. If 
the material of the whisker does not readily alloy with germanium, 
forming results in little more than the melting of a small volume 
of germanium, followed by rapid cooling. The resistivity and 
type (7 or p) of the small volume may differ from those of the 
bulk germanium; the tip of the whisker often becomes well 
embedded. If a p-region is thus formed, approximately hemi- 
spherical in shape, its radius can be about 2 x 10~3cm, which, 
though necessarily more than that of the whisker tip, is not 
sufficient to permit the junction to be regarded as ‘planar’ unless 
lifetimes are so very short that Ln 2x 10-3cm. Hence the 
analysis of Section 2.1 cannot be used to predict the transient 
response of a point-contact diode. A separate analysis has 
therefore been made for the hemispherical model; it should apply, 
fairly closely, to an alloy diode in which, compared with Ee 
the radius of the junction is small but all other dimensions are 
large. 

A more complex structure may result if the whisker contains 
either an element which can act as a donor in germanium, or 
one which can act’as an acceptor, or both. 

The ensuing analysis remains valid, however, for that fraction 
of the forward current which is carried by holes entering the 
n-type base region. It differs from an analysis by Kingston in 
that it begins by assuming no limiting and includes the delay of 
the application of a reverse bias. 
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(3.1) The Solution of the Continuity Equation for a Hemispherical 
Model 


(3.1.1) With Instantaneous Reversal of Diode Voltage. 


(3.1.1.1) With no limiting of the reverse current. 


Fig. 14 shows a hemispherical p-region (centre at O) of radius a 
in the surface of a semi-infinite body of n-type germanium. The 


c 


FREE SURFACE 


Fig. 14.—The hemispherical model. 


lifetime of holes in the m-region is everywhere 7,; the equilibrium 
density of holes in the region, p,, will be ignored, as in Sec- 
tion 2.1.2, and the surface recombination velocity, s, will be 
assumed small. For the present, a forward current across the 
junction will be assumed to consist entirely of holes entering the 
n-region. The analysis which follows applies for all values of 
A (= a/L,), and hence becomes that for a planar diode when 
A>l. 

The continuity equation in spherical co-ordinates and norma- 
lized variables is 


op 2p 2 Wp 
a7 TP api t Raptr R= A 


where R = r/L,. 


In order to deduce the current which flows when reverse bias is 
applied immediately following the flow of forward current, the 
equation must be solved with the following boundary conditions 


A 
2) = Py eine atT=0,R>A 


where Pp is the hole density at the junction when the density of 
forward current at A is 


ae ee +1 5 


i A 
Di— Oat ea — AiO 
Di=— Oat R=" oo 

The solution is 


A R-A 
= pn——| E—(R-A) a aed ae 
P= PoIR E ye (vr tyr 
R-A 
— gR-A erf, es Shes, 
e®—A erfc (vr+ aT | 
The current density at A is given by 
eD,/0p 
J SS —_— LY —— 
L, ioe iy 
‘ eD,pPo| € Tf 
oe) p. a 
1, J im | Grin erfc 4/ r| 
Alf A e-T 
H = he 
ence i (ase ese erfo/7 | (21) 


The time-dependency of J/J; is that of eqn. (8) found for 
the planar diode; the magnitude is smaller by a factor 
A/[(A +1). When allowance is made for Pn» J decays to 
J, = — Aepr/(Dylt (A + 1). 
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(3.1.1.2) With limiting of the reverse current. 
According to eqn. (21), an infinite reverse current flows | 
instantaneously on reversal of the diode voltage. In practice, 
the series resistance Rp (e.g. that due to spreading resistance } 
and generator impedance) limits the reverse current, as in 
Section 2.1.1.2, to 277a*J, ~ Vp/Ro. 
Putting uw = rp, the continuity equation becomes 


ou ou f 
oT «(OR 


It must be solved for the following boundary conditions: 


u 


P = pogeB-# at T = 0, R> A, asin Section 3.1.1.1 


ie ng _ fe for the period O<7T< 7, (during 
which pr, decays from pp to zero) 
and p =O at R=, 
The solution is obtained by applying Laplace transformations 


to the equation and its boundary conditions, and by the use of 
an expression due to Neustadter (see Appendix of Reference 5): 


yY 
— U2 9 — x2/4u2 = Va = ni = ) —_ (= 
{ Ee—WeE du z E *erfc ic y é* erfc Fee, 


0 
The final solution* for p is 


p= polenta ce ae x Z ; 
[ua erfc (554 vT) e(R—A) erfc oF +v7) | | 
=f sek erfc (vr — <F 


1 R-—A 
_ _(R—A) — e—(R—A) 
Of le (vr + OT ) : ]} 
Hence pr, > 0, ie. T= 7T,, when 


Tay ail 1 a oF /T 
a AD et VT+ q+ al — T(—A)/4? erfc os 
from which T = T, can be found. Fig. 8 shows how T;, decreases\ _ 
with decrease of A (i.e. of aif L, is constant); it differs from Fig. 8\ 
of Kingston’s article only in covering a differing range of values \/) 
of A and 7;. 

A strict analysis of the behaviour of the diode subsequent to 
T, is cumbersome, but if the simplifying assumption discussed 
in Section 8 is used, approximate expressions can be obtained. 


(3.1.2) With Delay between the Cessation of Forward Current and 
Application of Reverse Voltage. 

As discussed in Section 2.1.2, a delay of t, can be inserted | 

between the finish of forward current and the application of | 

reverse bias, and the distribution of minority carriers can be 


derived for times tp >t>0. At t=0, p sip tesena) and 
fort, >t>0 R 

op 
tse) aie 


* 4 aoe AL,/R is absent from the solution given by Kingston derived from his _ 


eqn. 
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i.e. the hemisphere of radius a is reflecting. The solution of the 
continuity equation is 


A , _ (A+i1)f! R—A 
p POR Po R {3 E erfe ( 2/T —yT) 


— g(R-A) erfc (s# + v7) | 


R-—A 
DIT AAs 
R-—A 
2\/T 


+ (A — 1)e~@-A) erfec (GF — vr) |} 


la 5 e(R-A)/AgT(1— ADA? erfic ( 
1 


Se | 4 =P 1) eR-A) erfc ( 


+ vT) 


(22) 


At R= A, 


1 /T A 
ee T(1—A2)/A2 Pes 
P=Po ke = ae erfc A a7) erfe v7 | 


from which the floating potential V across the junction is 
deduced as 


e 
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Fig. 15.—Relationships between V-V;, T and A, at room temperature. 


Fig. 15 shows the dependence of V — Vy on T for a range of 
values of A. If 4/7 and 1/7/A are both greater than unity, 
e Ae—T(1 + A) 
ep’ — Vr) —_> log. | 2/ nT 3l2 


5 (a ee 
subject to not falling below — cr’ and 


kT 
dv — Eats 2T + 3) 5 - 
dT e 2 e 
as for the planar diode. Leger. 
The reverse current which flows on the application of reverse 
- bias at and after fr, is derived from the solution of the continuity 
equation with the boundary conditions (a) p at T>, obtained by 
inserting 7, for T in eqn. (22), and (b) p = 0 at R = A, for all 
subsequent times. 
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The solution introduces an integral which is dependent on A. 
Thus, at times T in excess of 7), 
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In order to obtain numerical results which could have practical 
significance, specific values of A were chosen, 0-5 being a typical 
value for a small alloy-junction unit and 0-05 for a point-contact 
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Fig. 16.—Relationships between J/Jy, T2 and T for two values of A. 


unit. Fig. 16 shows the results obtained for a series of values 
of T>. 

At large values of 7, the expression for J/Jy can be expressed 
more simply, thus 
Je ee e-T 


¥ “G= AD 2/ate 
t — Ae-Tr — A erfe Ty + AreTM-ADIF erfec | 


As A -> oo, the limiting forms of eqn. (24) revert to those of 
Section 2.1.2. 

It is possible to calculate, from eqn. (22), the relationship 
between the conductivity of the bulk material, increased during 
the passage of the forward current by the injection of minority 
carriers and by the majority carriers flowing in to maintain space- 
charge neutrality, and time subsequent to the cessation of forward 
current. Something more than the simple exponential time 
function suggested by some authors!® is involved. 


(3.2) Practical Factors which Cause Departure from the Simple 
Hemispherical Model 


Although early measurements on point-contact diodes showed 
transient reverse currents which decayed qualitatively as eqn. (21), 
effects were noted which could not be explained solely by 
the diffusion of holes injected during the forward current 
into the bulk n-type germanium. For instance, Waltz? found 
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that, for diodes made on monocrystalline material having 
T, ~ 5Omicrosec, the decay of the transient reverse current 
took place, almost entirely, in less than 0-2microsec; a large 
current was passed for the first 10 millimicrosec followed by a 
trailing-off with a time-constant of the order of 50 millimicrosec. 
He found that the peak magnitude of the reverse current rose as 
he increased the bandwidth of the oscillograph used—a result 
compatible with the theoretical relationship between J and T 
which predicts an infinite current instantaneously on reversal if 
circuit conditions and the bulk properties allow. He explained 
his results by postulating that forming produced a thin p-region 
(of width w and conductivity o,) under the whisker point. He 
calculated, from the formula y, = [1 + o,L,/(c,w)]7', that the 
fraction of the forward current carried by holes injected into 
the n-type bulk region (of conductivity o,,) would be only 2%; the 
remainder of the current is carried by electrons injected from the 
bulk into the thin p-region. When the reverse voltage is applied, 
the electrons are assumed to be swept out of the p-region by an 
electric field set up in it, with a transit time calculated to be 
approximately equal to 10millimicrosec, thereby explaining 
the initial portion of the reverse current. The explanation of the 
second part of the reverse current (with the time-constant of the 
order of 50millimicrosec) is made in terms of the trapping of 
some electrons in the p-region during the forward current and 
of their subsequent release during the period of reverse bias. 
Forming is held to be responsible for the presence of the traps. 
Waltz regards the trap depth required for release times of the 
order of 50millimicrosec to be reasonable. 

Several comments can be made on Waltz’s conclusions. First, 
the fraction of forward current carried by holes being injected 
into the n-type base region, even at formed contacts, has often 
been found to be much more than 0:02; some part of the transient 
reverse current should therefore result from the processes con- 
sidered in Section 3.1. Secondly, the absolute magnitude of this 
part of the reverse current should be proportional to the forward 
current ir passed, just as is the part due to the sweeping out of 
electrons from the p-region. On the other hand, the reverse 
current due to the release of electrons from traps (presumed by 
Waltz to have been saturated) should not be dependent on i, 
(once the value needed to saturate the traps has been reached). 
Thirdly, the reverse current due to hole storage, expected from 
Section 3.1, for diodes made of material with lifetime 7, 
should decay from its value at t = 0-1 microsec to (a) one- 
half at 0-2microsec and to one-twentieth at 1-Omicrosec, if 
T, = 1-Omicrosec, and to (b) one-sixth at 0-2 microsec and to 
10- =ouyetle ‘O microsec, if 7, = 0-1 microsec; thus, qualitatively, the 
trailing-off observed by Waltz could be expected in diodes with 
T, ~ 0-3microsec, a value thought to be applicable to some 
commercial diodes which have shown rapid turn-off. 

Throughout the analysis given in. Section 3.1 the density of 
minority carriers, p, resulting from injection has been assumed to 
be everywhere much less than the density of majority carriers, 7, 
in the base region when all bias is removed from the diode and 
equilibrium is reached. In practice, if large forward currents 
are passed, p may exceed n, particularly near a small hemispherical 
source; the density of majority carriers, p + n, will, as a result, 
be more than marginally greater than n. Two effects result: a 
drift field can be set up, causing the holes to move away from 
the hemisphere more rapidly than they would by diffusion alone, 
and the lifetime, r,, may change. Both effects cause the observed 
transient response to differ from that deduced in Section 3.1, 
probably mainly for small values of ¢/7,.. 

The effects of the finite thickness of the depletion layer and of 
its capacitance can be disregarded as much for the hemispherical 
model as for the planar model. 

No account has been taken of the increased recombina- 
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tion which occurs at the surface, at a rate controlled by the: 


surface recombination velocity. 
s < (D,/7,)"/2, the effects of s are usually small. 
provide values of s < 100cm/sec so that s < (D,/7,)'/?/10 if 
Tp < 40 microsec. 


It is known, however, that, if | 
Some etches || 


1) pin 
| \ 


’ The conductivity of the surface of a piece of germanium can iy 


differ from that of the bulk. When it differs in type, a channel 
is said to be formed. The formation of channels depends partly 
on the atmosphere to which the material is exposed. Channels 


can cause the effective area across which injection or collection |)’ 
takes place to be very much greater than the hemisphere of the | 


model and, possibly, to be voltage-dependent. There is little 
evidence about their influence on the transient response under 
consideration, but measurements of capacitance, under reverse 
bias, suggest that channels are unimportant in point-contact 
diodes. 

The base region has been assumed to be of such a size that, 


during forward bias, no injected carriers reach the ohmic base | 


electrode. In commercial point-contact diodes, the thickness of 
the base region, W, may be only 0-1cm; even so, the analysis 
can be expected to give a good approximation to practice, pro- 
vided L, < W/4, ie. t,< 15 microsec, which is true of the 
material “used for most commercial units. 

7, has been assumed constant throughout the base region. 


Forming or alloying may however result in a change in 7, at © 


and near the region formed or alloyed. Some knowledge of a 
change ought therefore to be gained from a comparison of the 
response expected from the analysis, using the value of 7, 


applicable to the bulk material, obtained by one of the several ts 


methods now in use, with that obtained in practice. 
An approximate calculation of the importance of the high 
current density at small values of rcan be made. If only diffusion 


apo 


operates, p = —-E—¢—9/Lp when equilibrium is reached during 
ie 


the passage of forward current. The fraction of the total number 
of injected minority carriers stored at the cessation of forward 
current within, say, the hemisphere of radius one diffusion length 
greater than the radius of the source (the region where the highest 
concentration is found) is 


a+Ly 
| PO 6 (OIL 2epr 2dr 
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It is 26% when a/L, < 1, 45% when a = L, and 63% when 
a > L, (equivalent to the planar diode). Consider the practical 
example of a diode, on n-type material, pose 5 milliamp in the 
forward direction, having a = 2 x 107~3cm and T, = I microsec. 
Therefore, L, ~ 7 x 10-3cm, po ~ 4 X 10!®cm~3, and p (at 
r=a+L,) ~ 3 x 10!5cm~3._ If the resistivity of the material 
is 1 ohm-cm (a practical value), m = 1-6 x 10!/5cm73, so that 
everywhere within r = a + L,, the density of minority carriers 
exceeds n; indeed something fike 50% of the stored carriers are 
in that volume where p > xn. If, however, T, = 100 microsec, 
L, = 1.x 105m; pg =5:5ex 10'6 cm-3, and p(atr = a+b 
= 6 x 10'4cm~3; less than one-quarter ‘of the stored carriers 
are in regions where p > n, and the analysis given may be said 
to apply closely for 75% of the carriers stored if not for the 
remaining 25%. The high concentration of carriers near the 
source during injection will be accompanied by the pe 
diffusion constant increasing perhaps to as much as 2D,,, 
that, in fact, pp will be less than the values quoted SENS ‘Bit 
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the values of p (at r>a+ L,) will not be much affected. If 
reverse bias is applied immediately following the forward current, 
the initial relationship between reverse current and time will 
depend on an effective diffusion constant which differs from D, 
(particularly near the sink in the initial phase). It seems safe to 
say that, apart from the behaviour at small values of ¢, the 
reverse current and its time dependency probably do not differ 
by any major factor from those calculated. 

If there is delay between the cessation of forward current and 
the application of reverse bias, the high concentration of carriers, 
in the region where r is only slightly greater than a, falls rapidly 
and, after some small fraction of Tp, will in many practical 
applications have reached the condition p < n. 


(3.3) Methods of Measuring t, based on the Solutions obtained 
in Section 3.1 


The methods which can be based on the solutions obtained for 
hemispherical models closely resemble those chosen in Sec- 
tion 2.2 for planar diodes. Thus, if limiting of i is unimportant, 
observations of the relationship between i/i, and t enable T, to 
be deduced by way of eqn. (21). Curve fitting can be used for 
small values of ¢/7,; for larger values, ze [log, (73/i/i-)] should 
be —1/7,, and at the intermediate value, t = 0-557, 15/i/i, 
should pass through its maximum value. 

Other methods make use of expressions containing A as well 
ast,. The deduction of 7, involves fitting the practical relation- 
ship found, between the quantity measured (current ratio or 
voltage) and f, to curves calculated from the theory using JT as 
an ordinate for a series of values of A. There must be agreement 
between the value of 7, deduced (a) from the value of 


| i - Tes which allows a close fit, and (6) by relating 


the ¢ and T (= ?¢/7,) scales. If limiting can be observed, its 
duration can be used as a measure of 7, (see Fig. 8). If 4, is 
- finite, T, can be deduced either from observations of the floating 
- potential set up during the interval from t = 0 to t = ft, (where 
t, can be made as large as required), or from measurements of 
i after t, [see eqn. (24) from which curves such as those in Fig. 16 


were drawn]. 
(3.4) Experimental Results 


(3.4.1) The Diodes used. 

The experiments made sought to confirm the theory proposed. 
Because the lifetime, 7,, of the minority carriers was not known 
_ for any of the material used in commercial point-contact diodes, 
and could not be measured independently of the transient 
response, and the radius of the contact was uncertain, no effective 
quantitative confirmation was possible with these readily available 
diodes. A few observations were made with them, however, with 
apparatus similar to that described in Section 2.3 and, separately, 
with a generator of short pulses (rise-time ~ Smillimicrosec) and 
a wide-band amplifier (rise-time ~ 12 millimicrosec with no over- 
shoot). The responses observed were in qualitative agreement 
with the theory. There were marked quantitative differences in 
response between some types otherwise similar in electrical per- 
formance; results suggested differences in 7, of up to 10: 1. 
A typical value of A was 0:2. 

Waltz’s theory was unnecessary for the explanation of the 
saajority of results obtained, but there may well be such major 
differences between the final structure of British commercial 
diodes and his laboratory units that comparisons ought not to 
Se drawn. 

More attention was paid to small-area junction units made by 
he well-established process of alloying indium pellets to ger- 
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manium. If T, were of the order of 500 microsec, A would be 
only 0-4 for a = 0-06cm, which is not much larger than the 
radius of the collector of many alloy junction transistors. Some 
preliminary results confirmed, however, what is believed to be 
a common finding, that alloying with indium (even of the purer 
grades) can result in a severe reduction in T, from such values 
as 500microsec. No quantitative confirmation of the theory 
with 7, ~ 500 microsec was therefore undertaken. Instead, atten- 
tion was paid to some material with a value of T, ~ 20 microsec. 
For A =0-5, a would have to be approximately equal to 
0:015cm, which is practicable within reasonable accuracy. 
Three diodes, of different values of a, made on one block of 
material were particularly thoroughly examined. Alloying was 
carried out carefully, using the best indium available. The 
radii of the three junctions were 0-010, 0-020 and 0:029cm. 
The junctions were only approximately hemispherical, but the 
divergence is not unduly important in the present investigation, 
particularly for the smallest value of a. After the final etching, 
the current/voltage relationships had shapes closely matching 
those expected of good diodes, but the saturation currents 
yielded markedly different values of 7,. Lifetime was measured 
also by the light-spot method, close to the alloyed regions. The 
value obtained, 11 + 2microsec, was again less than that of 
the original material, but it was decided that comparisons with 
the measurements of the transient response could usefully be 
made with the diodes. 

The transient responses of the diodes were measured with 
t, = 0, as described in Sections 3.4.2 and 3.4.3. The reverse- 
current response with f, finite was observed (Section 3.1.2) but 
lack of sensitivity, particularly with small values of A and large 
values of 7, made quantitative measurements of doubtful value; 
qualitative agreement with theory was noted. Measurements of 
open-circuit voltage were made (Section 3.4.4). 

Another structure, used particularly in the U.S.A. to give a 
wide range of low-power units, is that of the gold-bonded diode. 
It might have been chosen to test the theory and to enable 
measurements of T, to be made, but the technique of making it 
was not so well understood and there would have been some 
uncertainty about the final geometry. 


(3.4.2) Decay of Reverse Current, with a Very Small Value of 11. 

Pulses of forward current, each of 30 microsec duration, having 
a repetition frequency of 6kc/s and an unmodulated magnitude 
of 4mA, amplitude-modulated to a depth of up to 30% by a 
1kc/s signal, were applied, as a train, to each diode in turn. 
At the end of each pulse the diode was switched to a reverse 
voltage of 7 volts, the resistance of the external circuit being 
made sufficiently small to ensure that t; < 0-Imicrosec. The 
relationship between (i/i-)#3/? and t was deduced from measure- 
ments made by the method described in Section 2.3.2. Results 
are given in Fig. 17. The agreement between the values of 7, 
deduced for the three diodes is good. The values deduced from 
the time at which (i/i,)t/* has its maximum value are greater 
than those deduced from the slope d[(i/i,)13/?]/dt at large values 
of t. Inaccuracy in the former values results from the lack of a 
clearly defined maximum of (i/i-)/?, and in the latter from the 
uncertainty of the value of i at large values of t, where the 
signal/noise ratio is small. The absolute magnitudes of the 
currents confirmed the ratio of the values of a [= Av/(D,7,)] 
of the three diodes. 


(3.4.3) Measurement of 71. 
The modulation was removed or much reduced and a variable 
resistor, limiting the reverse current, was inserted. The ratio 


‘i, lis (= J,[J,), and therefore t;, could be made to cover a range 


of values for each diode. Fig. 18 shows the results obtained. 
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Fig. 17.—Relationships between (i/ir)t3/2 and t for three diodes. 


The value of ¢ at the maximum of (i/is)t3/2 for curve (i) yields tp = 11 microsec, for 
curve (ii) yields ty = 9 microsec, and for curve (iii) yields tp = 12 microsec. ‘i 

At large values of t, the slope of curve (i) yields tp = 7:0 microsec, of curve (ii) 
yields tp = 7-5 microsec, and of curve (iii) yields tp = 6:5 microsec. : 

The values of a for curves (i), (ii) and (iii) are 0-029, 0-020 and 0-010 cm, respectively. 


=O0-O020cm 
(deduced)=9 microsec 


t1,. MICROSEC 


a=O0:010cm 
XT (deduced~1Omicrosec 


Fig. 18.—Measurements of t; for small-area diodes. 


In order to deduce a value of 7, from each curve, comparison 
must be made with the curves deduced, from theory, in Fig. 8, 
in which the ordinate is in normalized time. The values of Ey 
were deduced, as described in Section 3.3, by finding a value 
satisfying two conditions simultaneously. 


(3.4.4) Measurements of Open-Circuit Voltage. 


The waveform of the open-circuit voltage following a pulse of 
forward current was observed on an oscillograph, after amplifi- 
cation. It consists of an abrupt change followed by a decay, 
similar—qualitatively at least—to that expected from eqn. (23). 
The abrupt loss of voltage across the diode is due to the cessation 
of current flowing through the spreading resistance; it was greater 
than expected. There was little evidence of any conductivity 
modulation with the three diodes used above (the resistivity of 
the germanium used was 0:5 ohm-cm), but some was observed 
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TT, (deduced)=8 microsec 
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Fig. 19.—Measurements of floating potential for small-area diodes. 


for other diodes using material with a resistivity of 3 ohm-cm. 
Fig. 19 shows results obtained for the three diodes. The curves 
have not been extended beyond about 37,. The approximation 
made in Section 3.1.2 ceases to be justified at about this value of 
t for the diodes and currents used; furthermore, lack of sensi- 
tivity, pick-up and the difficulty of providing an adequate 
open-circuit, limited the accuracy of the practical results at 
greater values of f. 

Once again, in order to deduce the values of 7,, it is necessary, 
when comparing the practical results with the theoretical curves 
(e.g. those of Fig. 15) which use T as the ordinate and A as an 


independent variable, to satisfy, simultaneously, the rescaling of 


the ¢ axis to T, and the relationship A = a/1/(D,7,). 


(4) DISCUSSION 


The several assumptions, made in order to facilitate analyses, - 
deserve further consideration. Something was said in Section 3.2 . 


of the assumption that the density of injected minority carriers 
is always very much less than the quiescent density of majority 
carriers, and that drift is absent. The two assumptions would 
be realized very closely only by using currents far smaller than 
those either adopted in Section 3.4.2, or normally used, par- 
ticularly in point-contact diodes and in diodes using base material 
of high resistivity. At moderate levels of injection, correspond- 
ing to those of some applications, the theory is partially invali- 
dated, but the quantitative divergences are not serious. 

Infinite blocks of material were assumed. An important 
departure occurs when the base is made very thin, as it is, first 
in power diodes, where minimizing the power dissipated during 
the passage of forward current necessitates minimizing the 
voltage drop across the base material, and, secondly, in some 
recent experimental diodes. A lower limit to the base thickness 
is set by the thickness, wz, of the depletion layer at the peak 
working voltage, V, of the diode; wq is a function of V and the 
resistivity p of the base region, and must be sufficient to allow 

to be sustained without breakdown occurring; it is, for ger- 
manium, approximately +/( Vp) microns where V is in volts and 
p in ohmcm. If V is to be, say, 200 volts, an appropriate 
practical value of p would be of the order of 5 ohm-cm so 
that w,~ 3 x 10-3cm with a design thickness of perhaps 
5 x 10-3cm. The ratio of base thickness to L,, which decides 
whether the anslysis of Section 2.1.1 or that of Section 2.1.3 
applies, is accordingly determined by L,, Le. bya. lithe 
response at turn-off is to be very rapid, T, must be small, say 
0-3 microsec, so that L, ~ 4 x 10-3cm. The base thickness is 
neither very much greater nor very much less than L,, Le. it is 
intermediate between that assumed in Section 2.1.1 and that in 
Section 2.1.3. On the other hand, if T, = 10 microsec, 
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L, =~ 0:02cm and the analysis given in Section 2.1.3 applies 
closely. Because the designer of fast diodes may well favour 
very thin base layers, the analysis given in Section 2.1.3 and its 
extensions will assume greater importance than hitherto. 

Surface recombination has been neglected, the more justifiably 
for the planar model as its area is increased. Its importance in 
the hemispherical diode is discussed in Section 3.2. 

The capacitance of the depletion layer of a planar diode is 
approximately € x 104(pV)—1/2/(47r) pF per unit area, where ¢ is 
the dielectric constant of germanium (=16), p is in ohmcm and V 
is the reverse voltage across the layer. To charge the capacitance 
to the voltage V requires about 1-4 x 10-8(V/p)!/2 coulomb to 
flow through the external circuit, i.e. about 4 x 10-8 coulomb 
if V = 30 volts and p = 3 ohm-cm. An approximate value of 
the charge which flows due to hole storage can be deduced 


co 
from Figs. 3 and 8; they show that | Jdt, for any value of T, 


up to 1:0, exceeds 0-:2J;7, coulomb oper unit area. Hence, if 
T, = 10microsec and Jy = 2amp/cm?, for which values py = n 
if p = 3 ohm-cm, the charge is at least 4 x 10-© coulomb, 
exceeding that required to charge the capacitance by a factor of 
100. The factor deduced is typical for planar diodes: hemi- 
spherical diodes may have slightly different factors because, on 
the one hand, J/J; is reduced by a factor A/(A + 1), but on the 
other hand, values of J; higher by at least (A + 1)/A are permis- 
_ sible and are normally used. The assumption that the charging 
of the capacitance of the depletion layer can be ignored therefore 
seems generally justified; it need be given serious consideration 
only when f, is large, 7, is very small or the base is very thin. 

One further set of practical conditions needs fulfilling before 
the response predicted can be expected in practice. The wave- 
forms applied, e.g. of the turn-off of forward current and of the 
‘application of reverse voltage, must be correctly timed and must 
be closely rectangular. The bandwidth of the measuring equip- 
ment must be adequate, i.e. the rise-time of amplifiers used must 
be sufficiently small and there must be freedom from overshoot. 
When the modulation technique is used, the sampling pulse must 
be of short duration. Good approximations to the ideal con- 
ditions were always achieved in the experiments described, but 
they could well differ from the conditions of many applications. 

If these assumptions are justified, the calculations and practical 
results should indicate to the designer of diodes what is needed 
in order to meet specific requirements consistent with d.c. pro- 
perties, power-handling capacity, etc. Because users are unlikely 
to demand responses precisely to within limits as small as even 
30% (of time or amplitude), most of the small deviations, from 
the assumptions made, can usually be ignored. 

The practical results obtained are worth general consideration 
only. The discrepancies noted between them and the theoretical 
expectations may be less a measure of the effect of the non-com- 
pliance of the practical diodes with the models postulated than a 
measure of the uncertainty of the knowledge of the value and 
uniformity of 7, in the base material of the diodes. The measure- 
ment of lifetime, particularly in volumes as small as that of some 
diodes, continues to present difficulties, either in technique or in 
interpretation. The discrepancies are not large enough to con- 
cern circuit engineers using diodes, but they are large enough to 
cast some doubt on the relative merits of the methods, if used 
primarily to deduce 7,. 

What has been said of germanium diodes applies generally to 
silicon diodes; there are differences in that 7, is stated to increase 
significantly with increase of injection level and s cannot always 
be neglected. The influence of alloying on lifetime and the 
control of lifetime, in order, for instance, to increase the speed 
of response at cut-off, have been less studied with silicon than 


with germanium. 


(5) CONCLUSIONS 


Many of the properties of solid-state valves, diodes or triodes, 
have their counterpart in those of thermionic valves. Hole 
storage (more generally, minority-carrier storage) is not one of 
them; it is a property which, so far, has proved almost entirely 
disadvantageous to the user. An understanding of it is required 
if it is to be controlled and, for most purposes, reduced to the 
limit compatible with the retention of all the wanted properties 
of diodes. Qualitatively it has been fairly well understood for 
several years, but some misconceptions have persisted, e.g. that 
a simple exponential function fully expresses the time dependency 
of the electrical effects resulting, and that the application of 
reverse bias to a previously conducting diode automatically sets 
up the final depletion layer immediately. The analyses made 
show how the transient turn-off response depends on (a) the 
life-time of the minority carriers in the base material, (6) the 
geometry of the diode, and (c) conditions in the external circuit. 
They apply, strictly, only to some idealized diodes, and other 
factors must sometimes be taken into account for most practical 
diodes; the factors are of secondary importance, however, for 
fast, planar or small, junction diodes, many gold-bonded diodes 
and some point-contact diodes. Because 7 is not always known 
from other measurements, quantitative observations of the 
responses afford methods of deducing it; the accuracy obtainable 
may not be high, because of the several disturbing factors, but 
it may compare favourably with that of most other methods, 
particularly if 7 is deliberately made small, as it must be for fast 
diodes. The experimental results presented have been as much 
directed at showing that the deduction of 7 can be made by 
methods additional to that of observing the decay of transient 
reverse current, obtained at turn-off under the simplest theoretical 
(but often quite difficult practical) conditions of instantaneous 
reversal, as they have been to confirming directly any particular 
parts of the theory. 
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(8) APPENDIX 


(8.1) Planar Diode: Decay of Reverse Current after Saturation 
Time 7, 


Kingston dealt with the problem very simply. He assumed 
that J decays, subsequent to 7, as if it had started from infinity 
(i.e. Ro had been zero, and hence the conditions and analysis of 
Section 2.1.1.1 applied) and had reached J, at some time T’ 
measured from the time of instantaneous reversal of the diode 
voltage which would have to be (7; — 7”) after the beginning 
of 7;. He assumes, therefore, that not only can 


ie X= seen | Ge xe i 


but also that 


| Ge Wee ee | Ge X=0 tt paces 


implying that the distributions Pr. 7,, and Pry 7’ are equal at 
and after 7, and 7”, respectively, for all values of X. The two 
curves marked P7, in Fig. 6 show, by comparison with the more 
accurate curves marked Pr,, the extent of his approximation for 
the two values of T, chosen earlier to illustrate P7,. Although 
the two quantities P and dP/dX are equal for the two curves of 
each pair at X = 0, they differ for all the other relevant values 
of X; the differences are reflected in different values of J at all 
subsequent times, as will be shown by the following analysis. 
The boundary conditions to the continuity equation are now 


1 xX 
1 SS = ee Xt = 
1 satvT |e etfe (577 vn) 
x 
— eX erfc (a7 -~ v7) | 
1 


from eqn. (13), 


= 0 at X = 0 for all values of T (now measured from T, 
as origin) 


p =O at X = © for all values of T. 


The continuity equation becomes, on applying the Laplace 
transformation (ignoring p,,), 
PoP 
py oS <a 
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which transforms to 


02P. 


si S+ DP = — Pr, 


where P = £&(P, T) and s appear in the transform 


| eT P(X, T)dT 
0 
The solution during the decaying phase after 7; is: 


1 
2 erf \/T; 


P=e-* 


[et ent (557 — v7) — e* erfc (55, a) vn) | 


ig 
en E 4(t + T1) 


. eT XT; 
erf+/7T, | [7 + 7,)] 
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RANE + 7) 


To find the current which flows when the bias is applied at 
T,, we obtain 


Co 


Thus 
T 


tom 


(t+ T,)V/ 4 


BN Ey 


E 
vi avi 


The integral can be solved in series form by changing the variable 
to y? = t/T, (see Section 2.1.2), becoming 


oe pea (ar ) 
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Fig. 20.—Examples of the decay of current following 7}. 


Solid curve drawn from the theory given in i 3 
King ene eran eaeon yg Section 8; broken curve drawn from 
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Fig. 20 shows the differences in J/J; obtained from this analysis 
and from that of Kingston for the two conditions T, = 0°3, 
T, = 1-0. 

When 7 is large, 

Io cape Wy Ty 
Jp T32 7 exf4/T, 


4+) eet ee 
[1 oe +m(+ 


which shows that J/J; ultimately decays as e~7T—3/2, whether or 
not J is initially limited to J,. 


_DISCUSSION ON THE ABOVE THREE PAPERS BEFORE THE RADIO AND TELECOMMUNICATION 


SECTION, 23RD 
Mr. T. R. Scott: The paper by Mr. Nambiar and Dr. Booth- 


_ royd deals with a very neat investigation into circuit techniques. 


‘without having practical experience of it. 


The transistor compares very favourably with the thermionic 
valve, because the voltage gain of the transistor approaches 
unity much more closely than that of the valves. The authors 
might have pointed out how great the difference is. The 
transistor mentioned has an effective mutual conductance of 
about 100 mA/volt whereas the type CV138 has a corresponding 
value of about 8mA/volt. The superiority of the transistor 
100: 8) is very marked. On the other hand, disabilities 
which the transistor may have, e.g. low input impedance, 
may be overcome by suitable circuit techniques such as the 
‘composite transistor’ emitter-follower. 

The point of the paper by Mr. Oakes is not the circuit 
technique, which is not new or complicated, but the method of 
design employed. It is difficult to pronounce on the method 
However, it does 
appear to be somewhat complicated. The maximum permissible 
transistor current I, associated with a,,, while defined in 
Section 5 and referred to in Section 6, does not appear to be 
adequately covered by Figs. 2 and 3. 

While at first sight the paper by Mr. Henderson and Dr. 
Tillman appears to be more mathematical than practical, it is, 
in fact, a first-class introduction to the solution of the practical 
problem. The authors, making certain assumptions about 
boundary conditions, obtain theoretical results, which, for 
junction diodes, appear to agree with experimental results. 
Unfortunately, with point-contact diodes the agreement is far 
from good. For switching, and especially high-speed switching, 
point-contact diodes are very important. It would appear, 
therefore, that the apparent anomalies must be eliminated in the 
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TIME, MICROSEC 


Fig. A.—Eqgn. (21) of the paper by Henderson and Tillman plotted 
for a typical point-contact diode. 
a=2)x 10—3cm. 


Tp = 30microsec. 
» = Limiting velocity neeonted’ for hole extraction. 
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interest of progress. It is impossible to discuss this complex 
question in detail here, and further papers on the subject seem 
to be indicated. However, one illustration of the effect of the 
choice of boundary conditions may be useful at this juncture. 
Fig. A shows egn. (21) plotted for a typical point-contact diode. 
The two other curves are based on a different boundary con- 
dition, namely that a constant velocity of holes into the p-region 
can be assumed and that reasonable finite values can be assigned 
to this velocity. The values used in the two curves are 10°cm/s 
and 10°cm/s, respectively, the former being about the highest 
which it is reasonable to assign to this condition. It is clear 
that the choice of boundary condition can have a very marked 
effect on the interpretation of eqn. (21), and it is obvious that 
such matters must be further investigated. 

Mr. E. H. Cooke-Yarborough: Mr. Henderson and Dr. Till- 
man state that they know of no useful application of minority- 
carrier storage. A moderately useful one has been given by the 
National Bureau of Standards in the United States. This exploits 
the fact that the energy involved when the voltage on the diode 
is reversed can exceed the energy which is dissipated in the 
forward direction, even though the charge abstracted is smaller 
than that injected during forward conduction. Thus amplifica- 
tion is obtained, and it is possible to devise circuits having two 
stable states. Counting and computing circuits have been devised 
using this principle. 

Are the calculations on the thin-base diode also applicable to a 
transistor? Some of the expedients mentioned for reducing 
carrier storage invoive using material with a short carrier life- 
time or having a surface of high recombination velocity near the 
junction. Will this not increase the reverse saturation current ? 

With reference to the paper by Mr. Nambiar and Dr. Booth- 
royd and considering the relative merits of the Miller and 
‘bootstrap’ circuits, it seems that the ‘bootstrap’ circuit described 
by Mr. Nambiar and Dr. Boothroyd has the disadvantage 
relative to the Miller circuit of requiring what amounts to a 
‘floating battery’. This appears as C, in their circuits. The 
problem of restoring the charge on this condenser is repeatedly 
mentioned in the paper. In the Miller circuit this ‘battery’ does 
not need to float, and so the problem is avoided. 

In Fig. 3 of this paper the reduction of R; at low currents 
cannot be attributed to a rise in r,, as this would increase R;. 
The reason is, I think, a reduction of « at low currents. If this 
did not happen it would be possible to scale down the currents 
in the ‘bootstrap’ circuit, thus increasing the input resistance of 
the emitter-follower in the process. I would be interested to 
know what the prospects are of keeping « reasonably high at 
low emitter currents. 

Mr. J. I. Carasso: My group of the Materials Division of the 
Post Office Research Station has examined the possibilities of 
developing a fast germanium junction diode of the thick-base 
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short-lifetime type by the well-known indium-alloy technique, 
but using indium ‘doctored’ with nickel. 

By diffusion saturation of the assemblies at 700°C it has been 
found possible to make diodes of satisfactory characteristics, 
in which sufficient nickel has diffused to reduce the hole lifetime 
to about 0-1 microsec at low injection levels. Basing his cal- 
culations on the experimental data for nickel in germanium 
published by Burton et al., Mr. G. T. Hollins finds that the 
effective lifetime should begin to rise at a forward current density 
of 0:1 amp/cm? with a resistivity of the usual order of 1 ohm-cm. 
Most applications require a forward current rating of at least 
1mA, which entails an area of 1mm? or more. It appears that, 
in a diode of that size, and using a material with a lifetime of 
only 0-1 microsec, the depletion-layer capacitance causes a longer 
time-lag than the hole storage effect, so that it is necessary to 
compromise. For most circuits the optimum performance is 
obtained by operating the diode at about 2amp/cm?, so that the 
effective lifetime in the fastest diodes which we have managed 
to make is 0:3microsec or more—well above the low-level 
value. 

It is not certain that we understand the factors which limit 
the attainable nickel concentration: attempts to reduce the life- 
time still further, by using even higher diffusion temperatures, 
were not successful. We did, in fact, get lifetimes as low as 
10-3 microsec, but there was considerable deterioration of the 
forward current/voltage characteristic of the diode, of a kind 
which suggested the appearance of a second rectifying barrier 
in opposition to the main p-n junction. 

We have not yet managed to circumvent this difficulty; there- 
fore, whilst making no claim to have exhausted the possibilities 
of the nickel-doping method, it is felt that some alternative 
approach, such as the thin-base technique, is likely to repay 
investigation in cases where it is required to degrade the life- 
time in a diode, controllably, to below the 0:1 microsec level. 

Dr. G. B. B. Chaplin: It is stated in the paper by Mr. Nambiar 
and Dr. Boothroyd that the reverse leakage current of T; in the 
timing circuit of Fig. 11 flows in the reverse direction through the 
germanium diode Dy, causing little potential drop across it. 
The assumption is that the reverse leakage current of the diode 
is always greater than the collector leakage current of the tran- 
sistor, [,,. This is certainly not true for the combination of low- 
frequency transistor and point-contact diode, and it is doubtful 
whether any other combination of transistor and diode could be 
used in this way without selection of individual units, taking into 
account also the effect of temperature on the leakage currents. 
These difficulties would not arise if a current greater than i,, 
were supplied to the anode of D4. 

The authors do not appear to have considered the effect on 
the timing precision of their circuits of change in ambient tem- 
perature. A reasonable range of ambient temperature for indoor 
equipment is 20-S0°C, and between these extremes i,, can 
change by 150 uA, for a low-frequency germanium transistor, 
and the emitter-to-base potential can change by 100mV. If 
the timing precision is not to be affected by more than 0-:1% 
by change in temperature, the sweep current must be increased 
to about 150mA and the sweep voltage to 100 volts, which is, 
of course, impractical. Although the use of high-frequency or 
silicon transistors, with their smaller leakage currents, would 
reduce the required sweep current, the need for a high sweep 
voltage would remain. Perhaps the effect of change of emitter- 
to-base voltage with temperature could be reduced by using 
temperature-compensating circuit elements. 

Mr. R. C. Winton: The paper by Mr. Nambiar and Dr. 
Boothroyd is an interesting example of the conversion of valve 
circuit techniques for application to transistors, particularly in 
so far as they have been extended by the use of p-n-p and n-p-n 
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transistors in Figs. 14(a) and 14(6). This leads to an economy 


of components, as may be seen by comparing the two Figures. |» 


It is to be hoped that n-p-n transistors will become available, so 
that these applications can be more widely used. e las 
paragraph of Section 6 of the paper a television application is 
given, which may also have quite wide use, and here again it is 
to be hoped that suitable transistors will become available. 

In the paper by Mr. Oakes, the conversion from direct to alter- 
nating current has an efficiency of about 40%, whereas the 
d.c. to d.c. conversion, which apparently involves an extra 
stage, has an efficiency of about 65%. Can the author enlighten 
us on this matter? 

Mr. P. P. Eckersley: Will the circuits shown in the paper by 
Mr. Oakes, or a simple adaptation of them, produce a crystal 
oscillator, and if so, will this offer the ubiquity of the valve type? 
Valve crystal oscillators can be designed using one valve, and a 


range of crystals producing different frequencies may be plugged | 


in without any alteration of the associated circuits. 


Mr. L. P. Morgan: The merit of the paper by Mr. Oakes lies. hs 
in the fact that an accurate design procedure has been produced — 


which holds whatever powers are considered. If we were really 
concerned with power conversion we would most probably 
consider class-C operation or square-wave push-pull oscillators, 
in which high efficiencies can be obtained. Some experiments 
which we have done indicate that, in class-C operation at 


relatively low frequencies, efficiencies of about 75% may be id 


expected. If the square-wave push-pull d.c. convertor is con- 
sidered, overall efficiencies of 80° may be expected, in which 
the losses in the transistors will be some 5% of the total input 
power. 

With regard to the use of nickel doping to reduce the lifetime, 
and hence the hole storage time, of a diode, Mr. Beale has 
developed a diode which uses this technique. Measurements on 
the diodes gave the following results: 


Effective lifetime (by Giacoletto’s method) 0-05 microsec. 


Hole storage time for the reverse current to fall to 


1/20th of the forward current 0-15 microsec. 


The necessary conditions of manufacture to obtain these 
results were as follows: 


(i) Low-dislocation-density crystals. 
(ii) Fairly rapid cooling from the diffusion temperature to reduce 
annealing during cooling. 
(iii) Low alloying temperatures (430°C) to reduce annealing 
during alloying. 


As an indication of the usefulness and reproducibility of these 
methods, a diode using similar techniques but with slightly 
inferior performance is now in quantity production. 

Dr. B. Dale: With reference to the paper by Mr. Henderson 
and Dr. Tillman, in comparing the relative merits of the narrow- 
base diode and the diode made from low-lifetime material as 
low-hole-storage devices, it has to be remembered that the 
narrow-base diode requires, for successful operation, virtually 
infinite recombination of minority carriers at the ohmic contact. 
This situation is implied in the boundary conditions used in the 
paper. In germanium it is possible to obtain a very high surface- 
recombination velocity, perhaps 10* or 10°cm/sec, by sand- 
blasting the surface. This means that the narrow-base structure 
is very effective in reducing hole storage, and has the added 
advantage of a low forward resistance. 

With silicon the position does not seem to be so simple because 
the published data indicate that the surface-recombination 
velocity remains fairly constant after different surface treatments. 
Sandblasting does not produce such a highly recombining surface 
as on germanium. A narrow-base silicon diode would there- 
fore have a higher hole density at the ohmic contact than its 


In the last } 
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germanium counterpart for the same forward current, and the 


pessimistic. 


stored charge would be greater. 
An alternative method of making an ohmic contact to n-type 


_ silicon is to alloy a metal containing an n-type impurity. How- 


ever the resulting n-n+ junction, although of low resistance, 
has been shown to have effectively a low recombination velocity. 
It seems reasonable to conclude that the most promising 


_ means of producing a low-hole-storage silicon diode is to reduce 


the lifetime. This will worsen the forward characteristic owing 
to reduction of base-resistance modulation by the injected holes. 


| Some reduction of base width seems desirable to offset this effect. 


Dr. S. C. Ghose: Messrs. R. Gorton and D. Bagley have 
carried out measurements of minority-carrier storage effect on 
normal small silicon junction diodes of 5|0mWédissipation. These 
diodes were then subjected to neutron bombardment from Bepo 
at the Atomic Energy Research Establishment. The range of 
dosage employed was 0-25-8 x 10!4 neutrons/cm?, the neutron 
flux being 1-5 x 10! neutrons/cm? per second. It was estimated 
that equal numbers of both fast and slow electrons were present 
in the plasma. 

Accurate measurements of absolute values were not attempted, 
as comparative values were of interest at the time. The procedure 
adopted was to pass a forward current of 7mA for 4microsec 
and then reverse the polarity of the voltage across the diode 
terminals, the reverse potential difference being of the order 
of 15 volts. The integrated area of the ‘overshoot’ of the 
voltage/time characteristics of the diode concerned as displayed 
on a wide-band cathode-ray oscilloscope was a measure of 
the minority-carrier storage effect. This ‘overshoot’ has an 
exponential decay. It was estimated that the stored charge of 
the minority carriers in the normal diodes was 1-3 x 107? 
coulomb. Irradiation of the same diodes by a dosage of 


-1 x 10!4 neutrons/cm? reduced the stored charges to approxi- 


mately one-third of their previous values. A dosage of twice 
this amount reduced it to such a small value that the limit of 
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measurement was reached. It was, however, clearly established 
that the minority-carrier storage was at least an order of 
magnitude less than that for the same diodes in their original 
state. 

These changes in carrier-storage effect were accompanied. by 
changes in the voltage/current characteristic of the diodes. 
The forward characteristics were most affected, with little signi- 
ficant change in reverse characteristics. This is shown in Fig. B. 
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Fig. B.—Effect of neutron bombardment on silicon junction diodes. 


Abrupt change in forward resistance took place at about 0-6 volt 
with a dosage of 1 x 10!* neutrons/cm2. At higher dosages, 
the magnitude of the abruptness of change was reduced. 

Further work on the optimum dosage and on the stability of 
these changes with time and temperature are in progress. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Mr. K. P. P. Nambiar and Dr. A. R. Boothroyd (in reply): In 
reply to Mr. Cooke-Yarborough, it should be noted that the 
cause of the reduction of the emitter-follower input resistance 
R; (Fig. 3) at low emitter currents is not discussed in the paper; 
certainly the fall in « is responsible for this effect. The ‘floating 
battery’ represented by C, in the circuits discussed is, of course, 
a feature of all bootstrap sweep circuits, and the need for 
recharging this capacitor periodically has been stressed in the 
paper. On the other hand, an advantage of the bootstrap circuit 
(compared with the Miller sweep circuit) is that one terminal of 
the integrating capacitor is earthed; this capacitor may thus 
be recharged rapidly by means of a single switching transistor, 
resulting in fast flyback action, although not necessarily fast 
circuit recovery. It does not appear feasible to scale down the 
currents in the circuits described, since this conflicts with the 
requirements for performance to be, as far as possible, unaffected 
by temperature change. As pointed out by Dr. Chaplin, tem- 
perature change results in variation in J,,, and hence in the sweep 
rate, and also in variation of the quiescent emitter potential of 
the emitter follower in the bootstrap circuit, ie. of the sweep 
starting potential. To minimize dependence of the sweep rate 
on temperature, the integrated current (current i flowing through 
R) should be made as large as practicable. However, Dr. 
Chaplin’s quoted figure for the variation of J,, appears to be 
Measurements made on the circuit of Fig. 5 with 
the values given in Section 3.4.1 indicate a typical base-current 
change for T; of 50uA or less over the temperature range 
20-50°C, using type OC71 transistors. It has been confirmed 


that the emitter-potential variation of T, is about 100mV over 
the same temperature range for both germanium and silicon 
transistors. As suggested, some method of temperature com- 
pensation is necessary for precise circuit action over such a 
temperature range. The same considerations also apply to the 
comparator circuits employed in the paper. With regard to 
Dr. Chaplin’s observations on the diode D, in Fig. 11, the 
transistor T; is not strictly in a quiescent cut-off state, but is 
somewhere between cut-off and the ‘floating base’ condition. The 
transistor is very slightly forward biased, and carries emitter 
current just equal to the difference between the collector current 
and the reverse current of D4, which flows as base current. 
Therefore it is not really correct to state that collector leakage 
current of T3 flows; the collector current is somewhat greater 
than J,,. No uncertainty of circuit definition is associated with 
D,, however small its reverse current. Until D, develops a 
sufficiently small forward resistance the blocking-oscillator com- 
parator T; cannot ‘fire’. 

Mr. F. Oakes (in reply): With regard to Mr. Scott’s remarks, 
the design procedure itself is quite simple. It would, of course, 
have been very easy to give an equally simple analysis for the 
derivation of design formulae only. A more detailed analysis 
is, however, required to provide an adequate basis for the under- 
standing and prediction of the subsidiary phenomena occurring 
during one cycle of operation, as well as for the prediction of 
oscillator performance. It is hoped that the concepts formulated 
in the paper may find useful application to other oscillator 
problems. 
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The maximum permissible transistor current I), is normally 
governed indirectly by the maximum permissible dissipation 
rather than the inability of the transistor to carry a current 
greater than J,, irrespective of dissipation. «,, is simply the 
current amplification obtained at a collector current equal to 
Ixy, and need therefore not be indicated specifically in Figs. 2 
and 3. 

The answer to Mr. Winton’s question lies in the excellent 
switching properties of transistors, which are fully exploited in 
d.c.-to-d.c. convertors. In the oscillator described, however, the 
transistor operates as an amplifier rather than as a switch, at 
least for part of the operating cycle. The resulting loss in effi- 
ciency can, however, be minimized, and class-B oscillators of 
the order of 60% efficiency and class-C oscillators of 75% or 
better can be constructed. 

In reply to Mr. Eckersley, transistors are very suitable for 
crystal control, and will readily oscillate over a wide range of 
frequencies. 

Mr. J. C. Henderson and Dr. J. R. Tillman (in reply): Our 
boundary conditions were chosen primarily because they approxi- 
mate closely to those of alloy junctions (of large or small area). 
We expressed considerable doubt about their applicability to 
point-contact diodes on grounds other than that pointed out by 
Mr. Scott. The curves he deduces assuming a limiting velocity 
(Fig. A) do indeed suggest marked departures from eqn. (21). 
An additional set of curves with values of 7, more realistic for 
point-contact diodes would have been instructive in showing the 
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dependence of the response, with limiting maximum velocity, 
ont, As Mr. Scott states, the response of point-contact diodes 
is worth further investigation. 

We were aware of the work of the National Bureau of Stan- 
dards—and indeed it and the application to a variable time delay 
were responsible for the term ‘almost’ in the phrase ‘almost 
entirely disadvantageous’ in Section S5—but we do not expect it 
to find engineering applications until much more control of hole 
storage has been achieved. Fig. 8 suggests that the effect could 
also be used to convert pulse-amplitude modulation to pulse- 
width modulation. 

The method of calculation can be extended to the transistor, 
provided that note is taken of (i) the hole distribution in the base 


region at the instant of turning off and (ii) the emitter-base | 


voltage, which, if reversed, will cause simultaneous extraction by 


the emitter. 
Increase of reverse current, i,, and special attention to the base 


connection are part of the price to be paid for obtaining fast- . 


operating thin-based diodes. 

The remarks of Messrs. Carasso and Morgan and Dr. Ghose 
are gratifying in showing that the problem of controlling storage 
is being tackled. Bombardment by neutrons was shown, some 
years ago, to reduce the turn-off time of point-contact transistors 
without serious detriment to other properties. We shall be inter- 
ested to hear further of the irradiated silicon diodes and of their 
stability, particularly when run at high temperatures. 

We agree with Dr. Dale’s very pertinent remarks. 
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A NEW METHOD FOR THE DETECTION OF THIN CONDUCTING FILMS IN 
THERMIONIC VALVES 


By F. H. REYNOLDS, B.Sc.(Eng.), and M. W. ROGERS. 


(The paper was first received 11th October, and in revised form 7th December, 1956.) 


SUMMARY 


A method has been devised for the detection of thin conducting 
films on insulating surfaces, but its application has so far been restricted 
to the detection of films in thermionic valves, for which it is particularly 
suitable. Known as the ‘triple-band method’, it is simple, does not 
call for special valve constructions and requires only normal laboratory 
equipment. While the method was developed as a means of film detec- 
tion, calculations have been made which show that the technique could 
be used for quantitative measurements. 


(1) INTRODUCTION 


In a thermionic valve, evaporation processes are continually 

occurring which result in the deposition of thin conducting films 
en the mica insulators and the glassware. These films may have 
_ surface resistivities of the order of hundreds of megohms, but 
they can produce highly undesirable phenomena such as inter- 
mittent discharge noise or enhanced inter-electrode capacitances. 
In the course of some investigations into these phenomena, a 
method has been devised for the detection of such films. 

Measurements of the resistance of thin films are usually made 
by allowing the film to bridge a pair of electrodes located on an 

‘insulating plate. The electrodes (usually of platinum) may be 
formed by the ‘burning process’ or by evaporation, and care is 
necessary to ensure that there is no step at the edges of the elec- 
trodes which could introduce a break into the conducting path 
of the film. Using sensitive apparatus for resistance measure- 
ment, Lovell! and Mostovetch and Vodar? have used this method 
for film surface resistivities up to 10!3 ohms. 

For investigating the films deposited in valves, the insertion of 
film-bridging electrodes into the bulb is cumbersome and fraught 
with practical difficulties, even if the bulb wall is used as the 
insulator. This method also precludes routine measurements on 
valves destined for normal service. It was after appreciation of 
these difficulties that a new method of film detection and measure- 
ment was devised, known as the triple-band method. It will be 
shown that this method may be used for the detection of thin 
films on the inner wall of a valve bulb, or (after dismantling the 
valve) on the mica insulators. 


(2) THE TRIPLE-BAND METHOD 


A system of three electrodes is painted on the outside of the 
bulb over the region where it is desired to detect a film. The 
system can conveniently take the form of three parallel equispaced 
bands round the bulb circumference, as shown in Fig. 1(@). 
Other electrode configurations, such as parallel strips or con- 
centric rings can also be used, the choice depending on any 
known disposition of the deposited film. Colloidal graphite was 
used for the electrodes, but any lacquer of similar conductivity 
would suffice. 

Film detection is achieved with the aid of 3-terminal impedance 
measurements, the middle band being connected to the earth 
terminal of the bridge and the outer bands to the line terminals, 
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(6) 


Fig. 1.—The triple-band system. 


(a) As normally used. 
(6) Line bands subdivided for circumferential mapping. 
(c) Multiple bands for longitudinal mapping. 


(a) 


Fig. 2.—Section through triple-band system and connections to bridge. 


as shown in Fig. 2. Metal components in the valve should not 
be left at an indefinite potential; it is usually convenient to connect 
them also to the earth terminal. In the absence of a conducting 
film, the impedance between A and D (Fig. 2) will be that of a 
low capacitance, since the line electrodes are effectively screened 
by the middle, earthed, band. When a conducting film is 
deposited on the inner wall of the bulb opposite the triple-banded 
region, the impedance recorded by the bridge will depend in a 
somewhat complicated manner on the resistance of the film. 
This relationship is analysed in Section 7. At this stage, however, 
it will be evident that the film will tend to by-pass, as it were, the 
screening action of the central electrode, and it can be anticipated 
that a thin film will produce a considerable increase in the 
equivalent shunt capacitance measured between A and D. It 
will be shown that this increase, called the triple-band capacitance, 
is a measure of the resistance of the deposited film. 

Since it is not normally convenient to leave the impedance 
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bridge connected to the triple-banded valve, the contacting equip- 
ment used must ensure that stray capacitances involved in making 
contact with the bands are both small and constant. In the 
apparatus developed, contact is made to the three bands by 
spring-loaded plungers. An earthed plate sandwiched in the 
Perspex mounting minimizes stray capacitances, particularly be- 
tween the triple-banded bulb and the connections to the plungers. 


(3) ANALYSIS OF THE TRIPLE-BAND SYSTEM 

In Section 7 it is shown that the impedance, Z, measured by 
the bridge between the terminals A and D (Fig. 2) may be 
calculated. Using values appropriate to bands of 3mm width 
closely spaced on a bulb nominally 28mm in diameter and of 
1:O0mm wall thickness, the variation of Z with the surface 
resistivity of film at a frequency of 104/27c/s is then given by 
Fig. 3. 


Fig. 3.—Impedance of triple-band system. 


It will be seen that, if the film surface resistivity is zero, Z is a 
pure negative reactance. As the film surface resistivity increases, 
Z becomes the impedance of a leaky capacitor, until a point is 
reached at which it becomes a pure resistance. At even higher 
film resistivities, Z becomes inductive and may in fact lie in any of 
the four quadrants. In practice, it is convenient to use only that 
portion of the curve in the capacitive quadrant, for a 3-terminal 
capacitance bridge is particularly suitable for these measurements. 
At first sight this might appear to restrict the range of the device, 
and for the values used in Fig. 3 the range would, in fact, be 
limited to a surface resistivity of about 275 megohms. By varying 
the bulb wall thickness or the frequency, however, the range can 
be adjusted. 

For the capacitive portion of the Z-curve the triple-band 
capacitance and its shunt resistance have been determined and 
are plotted as a function of film surface resistivity in Fig. 4.° The 
parameter, C, on these curves is the capacitance between the 
electrode and the film per unit axial length of bulb. Evidently, C 
is inversely proportional to the thickness of the bulb wall; the 
value C = 7-3 corresponds to a wall of 1:0mm thickness in the 
28mm bulb. The capacitance curves are theoretical calibration 
curves of the triple-band system. The device is evidently not 
linear, yet except for very-low-resistance films, the sensitivity does 
not vary widely. These curves also show the effect of varying 
the thickness of the bulb wall, thicker glass decreasing the 
sensitivity but increasing the range. In practice it is better to 
use thin glass to keep up the sensitivity, since the range can be 
adjusted by varying the frequency. Thus, the capacitance curves 
in Fig. 4 have been plotted for a frequency of 104/2 c/s; they 
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Fig. 4.—Theoretical variation of triple-band capacitance and resistance 
with surface resistivity of thin film. 
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may be applied for any frequency 104n/27c/s by dividing the ) 


scale of film surface resistivity by n. 

The method has not so far been used for the detection of films 
of surface resistivity much in excess of 109 ohms, but a few 
orders of improvement would seem possible by the use of lower 
frequencies. There is, moreover, some scope for impedance 
measurements outside the capacitive quadrant in Fig. 3. 


(4) TYPICAL APPLICATIONS 
(4.1) Comparison of Evaporation Rates 


An example of the use of the triple-band system is shown by 
the curves in Fig. 5, which were obtained during an investigation 


CAPACITANCE BRIDGE READING, pF 
FILM SURFACE RESISTIVITY, MQ 


TIME, HOURS 


Fig. 5.—Influence of hydrogen stoving on the rate of evaporation from 
nickel cathode sleeves. 

Capacitance. 

----— Resistivity, 


(a) and (c) 950°C for 30 min. 
(6) and (d) 1150°C for 10 hours. 


into the effect of different processing treatments on the evapora- . 


tion rate from nickel cathode sleeves. The sleeves were sealed 
into valve bulbs, of nominally 28mm outside diameter and 
1-Omm wall thickness, so that they occupied the normal cathode 
position along the bulb axis. The bulb was triple-banded over 
the region nearest to the cathode sleeve, using bands 3mm wide 
about 2mm apart. This band spacing is rather greater than 
that understood in the analysis given in Section 7, but this is no 
drawback when comparisons are being made between the rates 
of evaporation from different sources (as opposed to absolute 
measurements of film resistance). 
readings of the capacitance bridge which were obtained when the 
sleeves were operated at 760°C, each curve being the mean of 
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_ several samples. As these curves stand, it may be inferred that 
_ the prolonged hydrogen-stoving treatment substantially reduces 
_ the evaporation rate (actually of impurities in the nickel) com- 
pared with the short stoving treatment. The different ceiling 
' capacitances are due to the range of wall thicknesses obtained 
between samples of commercial valve bulbs. 
In the above example there are a number of factors which 
preclude an accurate estimate of the film resistivity. First, the 
length of the cathode sleeve was approximately the same as the 
axial length occupied by the three bands, so that the film resis- 
tivity would not even be uniform over the length of the triple- 
_ band system. The film would also lack axial symmetry, owing 
to the rectangular section of the sleeve and the interposition of, 
albeit fine, support rods between the sleeve and bulb. Despite 
these qualifications, coupled with the doubtful geometry of the 
bulb and the relatively large gaps between the triple bands, it is 
possible to make a reasonably quantitative comparison between 
the effects of the two hydrogen stoving treatments. 

First, the no-film bridge reading (0:2 pF) should be’subtracted 
from curves (a) and (4) to yield curves of true triple-band capaci- 
tance versus time. The distributed capacitance, C, is then 
easily calculated from the appropriate ceiling values of triple-band 
capacitance. Calibration curves (of the type shown in Fig. 4) 
can then be determined enabling curves (a) and (b) to be converted 
into the curves (c) and (d) of film resistivity as a function of time. 
The shape of these resistivity curves is reasonably consistent with 
that expected from a film whose thickness is being augmented 
at a constant rate. It is now clear that the prolonged hydrogen 
stoving treatment reduces the evaporation rate by a factor of 
about 7. 


(4.2) Film Mapping 
By adaptation of the simple triple-band system it is possible to 
map the distribution of film conductivity over the inner surface 
of a valve bulb. 


(4.2.1) Circumferential Mapping. 


For circumferential mapping the line bands are subdivided as 
shown in Fig. 1(4), the earthed band remaining continuous. The 
capacitance between each pair of segments on either side of the 
earthed band is then measured; an example is given by Fig. 6(a), 
where the capacitances have been plotted radially inwards using 
the circle representing the bulb as datum. The plot shows 
clearly that a conducting film has been deposited on the bulb 
wall originating from the region between the anodes. Further 
study of the geometry of the plot leads to the conclusion that the 
film emanated from the inner surfaces of the valve anode. This 
result, obtained on a Post Office submerged-repeater valve, 
illustrates a phenomenon which is believed to be new and is 
still under investigation. 


(4.2.2) Longitudinal Mapping. 

If it is desired to map the longitudinal distribution of film 
conductivity, the valve is completely covered with equispaced 
bands as shown in Fig. 1(c). Each band (except the end ones) is 
then used as the earthed band for a triple-band capacitance 
measurement. A typical result is shown in Fig. 6(), for which 
the abscissa corresponds to the position of the earthed band. 
The solid line then shows the distribution of the measured capaci- 
tance along the bulb of a pentode, and the broken line is a replot 
taken just after the admission of air to the valve. 

The plots indicate two processing faults during manufacture: 
first, there was a spread of getter right up to the region of the 
electrode assembly, as shown by the left-hand (falling) portion of 
the solid line; secondly, there is a peak in this line at the seventh 
band produced by the evaporation of impurities from the nickel 
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Fig. 6.—Distributions of conducting film on the inner bulb surface of 
a pentode. 


(a) Circumferential. 

(6) Longitudinal. 
Fully processed valve. 
—-—-- After admission of air. 


anode through excessive induction heating. On the admission 
of air, complete oxidation of the getter occurs, but the conduc- 
tivity of the impurities from the anode is only partially destroyed. 
It should be noted that the very high triple-band capacitances 
obtained in the region of the second and third bands are due 
to the tapering of the wall thickness of the bulb. It should also 
be observed that the no-film bridge reading for each position 
along the bulb is subject to slight variation amounting to about . 
+10% on the nominal value of 0:2pF. This is partly due to 
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the variation in bulb thickness and partly because of the proximity 
of metallic components of the valve interior which, if earthed, 
produce a slight reduction in the no-film capacitances. 


(4.3) Detection of Films on Mica Insulators 


The triple-band method has been used for the detection of thin 
films on the mica insulators of valves, although it is suitable only 
where the conductivity of the film survives exposure to the 
atmosphere. 

The triple-band system takes the form of three parallel close- 
spaced metal strips having their upper surfaces ground co-planar. 
The mica spacer on which it is desired to search for a film is then 
pressed on to these electrodes so that the mica separates the 
electrodes from the film. In order to achieve high sensitivity, 
the mica should be cloven as thinly as possible. On an arrange- 
ment of this apparatus which gave a no-film capacitance of 
0-1 pF, triple-band capacitances of 0:5pF have been obtained 
from invisible films. 


(5) CONCLUSIONS AND ACKNOWLEDGMENT 


The triple-band method of detecting conductivity in thin films 
is a simple but sensitive means for investigating some of the 
evaporation processes occurring in thermionic valves. The 
observed triple-band capacitances should be capable of quanti- 
tative interpretation if it can be arranged for the film to be 
deposited on an insulator of accurate dimensions such as pre- 
cision-bore glass tubing. The method may not quite reach the 
sensitivity obtainable by direct resistance measurement. 

The method may well have other applications in film detection 
and measurement where space is restricted or prior preparation 
of electrodes for film-bridging has either been omitted or is 
impossible. 

Acknowledgment is made to the Engineer-in-Chief of the Post 
Office for permission to make use of the information contained 
in the paper. 
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(7) APPENDIX 

The equivalent circuit of the triple-band system [Fig. 7(a)] 
comprises three identical RC networks, the resistance being due 
to the film and the capacitance being that between the film and 
the bands. It will be assumed that the bands are close enough 
together to avoid the necessity of introducing any resistance at 
the points B and C of the equivalent circuit. 

Analysis of the equivalent circuit is achieved by treating each 
of the three component networks as a single-wire transmission 
line of distributed series resistance and shunt capacitance. The 
series inductance of the lines may be ignored and the insulating 
properties of glass are such that the shunt conductance is also 
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Fig. 7.—Equivalent circuits of triple-band system. 


(a) Complete circuit. ‘ 
(b) After amplification by analysis. 


negligible. 
impedance Zp and a propagation coefficient y which are given by 


R 
2 = vas . . . ° . (i) 


= a/(wCR). 745°. . a 


where C is the capacitance between electrode and film per unit 


axial length of bulb, R is the film resistance per unit axial length | 


of bulb and w/27 is the frequency. 


The width of a band is evidently the length of one of the ) 


transmission-line sections. Denoting this by /, the impedance 
between A and B (or between C and D) is then that of an open- 
circuited transmission line and equal to Zp) coth y/. The network 


between the points B, C and E can be replaced by its equivalent-T ] 
system, with horizontal limbs of impedance Z) tanh4y/ and | 


vertical limb of impedance Z,/sinh y/. 
The triple-band system can therefore be represented by 
Fig. 7(6), where 


Z,;=Zy(cothyl+tanhdy). . . . (3) 
Z, =Z,fsinh yl > ee 


If this network is now subjected to a star-delta transformation 
and the component of the delta network between A and D is 
represented by Z (as in the main text), it can be shown that 


and 


z=2,(2+7) <li, Sa 


yielding Z=Z)(@3cosechyl+4sinhy) . . .. © 


Z is the impedance measured by a 3-terminal bridge connected 


across A and D with E earthed. In evaluating Z as a function 


of film resistance a table of functions of semi-imaginaries? is 


particularly valuable. The plot of Z in Fig. 3 was obtained 
using the values C = 7-3 pF/mm,/ = 3mm and w = 104 rad/sec. 
It should be noted in Fig. 3 that the film resistance is represented 


by surface resistivity in megohms, rather than by R, since the 
former unit is more easily appreciated. 


Each transmission-line section has a characteristic |) 
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